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                   From Liquid Hydrocarbons  
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A new technology for mercury removal from liquid hydrocarbon is of prime 
importance.  Mercury has been considered as a priority hazardous material, due 
to its adverse effects on human health, industries and the environment. 
Industrially the mercury metal corrosion effect on gas processing plant systems, 
particularly the aluminum heat exchangers, is well known and has caused failures 
over the past several decades.  The other issue with mercury is that even at low 
ppb level, this substance is poisonous to precious catalysts used in petrochemical 
industrial plants to convert gas and other petroleum based products to chemicals.  
Several technologies have been implemented to reduce mercury content below 1 
ppb in hydrocarbon streams such as gas and light naphtha. However, no 
technology is available yet to remove mercury from the whole gas condensate or 
from the crude oil. The removal of mercury from liquid hydrocarbon is a very 
challenging task as this depends on stream composition, the forms of mercury 
contents and the water content. This work introduces a new novel sorbents where 
carbon nanotubes, nanofibers, activated carbon, fly ash and their modified forms 
with certain metals for the removal of mercury from whole gas condensate. Up to 
92% of mercury removal was achieved using these new sorbents. These 
sorbents are potentially scalable to remove mercury from liquid hydrocarbons 
under the actual field conditions.   
 vix
 
 
 ملخص الرسالة
  عـبد الله رداد الـمـالكي .                        :الأسم
  السائلة الزئبق من  المواد الهيدروكربونيهتطوير مواد ماصة لإزالة              عنوان الدراسة
  كيمياء                   :التخصص
  0220  نوفمبر                    :التاريخ
 
 
جدا.  ةأصبحت الحاجة إلى تكنولوجيا أفضل لإزالة الزئبق من المواد الهيدروكربونية السائلة واضح
 ومن المعروفلتي لها  آثار سلبية على صحة الإنسان وعلى البيئة. من العناصر الخطرة الأولوية ا الزئبق
معالجة الغاز، وخاصة المبادلات الحرارية المصنوعة من الألومنيوم  تآكل أنظمة على الزئبق تأثير صناعيا
ة منخفض بتراكيز ووجود  الزئبق ولوتسبب في كثير من المشاكل التشغيليه  في العقود القليلة الماضية. والتي 
ازة الثمينة التي يتم استخدامها في معامل تلف المواد الحف اء من البليون يؤدي الىجزا في حدود تصل الى 
العديد  تطبيقصناعة البتروكيماويات لتحويل الغاز والمنتجات البترولية الأخرى الى مواد كيميائية. ولذلك، تم 
 ان جزء من البليون. 1من التكنولوجيات لإزالة الزئبق من الغاز والنفثا الخفيفة لتقليل محتواه  الي أقل من 
 نها مكوناتمهمة صعبة للغاية لأن هذا يتوقف على عدة عوامل م يق من النفط والغاز السائل هإزالة الزئب
  الدراسه ركزت علي استخدام هذا  . ومحتوى الماء الخ اشكالهمحتوى الزئبق ووالبتروليه،  ومصادرها ،  ةالماد
أشكالها و الرماد المتطايرو المنشطالكربون ألياف النانو، و أنابيب الكربون النانويةتعتمد علي مختلفة  مواد
من المواد ستخدام هذه المواد لإزالة الزئبق مكانيه الااجابيه نتائج اعطت وقد  .بعض المعادن المعدلة مع
المواد الماصه يمكن تطبيقها على مستوى اكبر لالزالة الزئبق هذه ا .٪92 ما يصل إلى الهيدروكربونيه السائله
 . في ظل الظروف الميدانية الفعلية  المواد الهيدروكربونيه من
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CHAPTER 1 
INTRODUCTION 
Mercury has been recognized as one of the most emitted contaminants in 
the environment, whether in the atmosphere, water or land. The global 
atmospheric emission of mercury from all anthropogenic sources in 2005 was 
estimated to be 1,930 tones [1].  It has been considered a priority hazardous 
matter due to the adverse effects on human health and the environment. Mercury 
generally exists in three oxidation states, metallic (Hgº) mercurous (Hg+), and 
mercuric (Hg++), where the metallic form is the most common, occurring in the 
atmosphere as elemental vapor, and the mercury organic salts exist in water and 
sediment [2]. Although mercury is considered very toxic in any form, the mercury 
methylated form is the most toxic as it can be absorbed by the digestive system. 
Methylmercury is formed by transforming the inorganic mercury to organic 
mercury by certain bacteria and accumulated and moved efficiently from one 
organism to another [2]. Industrially, mercury metal has been known for a long 
time to have a corrosive effect on gas processing plant systems, particularly heat 
exchangers made of aluminum, leading to a number of failures in the last several 
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decades [3].  Therefore, several technologies have been implemented to remove 
mercury from natural gas to protect the integrity of gas plant systems. The other 
issue presented by mercury, even at low ppb levels, is that it can poison the 
precious catalysts that are used in petrochemical industry plants to convert gas 
and other petroleum based products to chemicals. Therefore, mercury content is 
now monitored and regulated in crude light-ends, particularly the streams that are 
used for petrochemical manufacture to protect the catalysts [4]. Some 
technologies have been implemented to remove mercury from gas and light 
naphtha to reduce the mercury content below 1 ppb. There is no developed 
technology to remove mercury from whole gas condensate or crude oil [4].   
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LITERATURE REVIEW 
Mercury is a naturally occurring element that is found in air, water and soil. 
It exists in several forms: metallic mercury, inorganic mercury compounds, and 
organic mercury compounds. Mercury is normally released to the environment by 
two ways; by natural sources such as volcanoes, forest fires, ore, or by human 
activities (anthropogenic) [5-7]. The anthropogenic mercury source can be 
classified into primary and secondary sources [6]. Primary anthropogenic are the 
sources where mercury is produced and transferred to the environment from its 
geological origin during other activities [5,6]. The two main activities that 
contribute to this source are mercury mining and other minerals and extraction or 
burning of fossil fuels that contain mercury as a trace contaminant. Secondary 
anthropogenic sources are those where emissions occur from the intentional use 
of mercury in industrial processes, in products, in dental applications, or in 
artisanal and small-scale gold mining operations [5-7]. 
Natural sources are responsible for approximately half of atmospheric 
mercury emissions. The other half is generated by human activities that can be 
divided into the following estimated percentages: 65% from stationary 
combustion, of which coal-fired power plants are the largest contributor source 
[5,6,]. This includes power plants fueled with gas where the mercury has not been 
removed. Emissions from coal combustion are between one and two orders of 
magnitude higher than emissions from oil combustion, depending on the country. 
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Gold is responsible for about 11%; 6.8% from non-ferrous metal production; 6.4% 
from cement production; 3.0% from waste disposal, including municipal and 
hazardous waste, and incineration; 3.0% from caustic soda production; 1.4% from 
pig iron and steel production; 1.1% from mercury production, mainly for batteries; 
and 2.0% from other sources, Figure 1.1 [6-7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 
 
 
 
 
Figure 1.1 Estimated percentage of mercury emission sources  
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P. Li et al. provided a detailed review of the mercury sources in Asia. The 
review highlighted that Asia is responsible for over half of global mercury 
emissions [7]. E.G. Pacyna et al. published recently a very interesting work about 
the global atmospheric emissions of mercury from human activities [8]. This study 
indicated that the artisanal and small-scale gold mining remains the largest global 
use sector for mercury. The trend of mercury usage is projected to continue rising 
as the gold mining business becomes more attractive.  The findings in this study 
indicated that the mercury is coming from various sources, such as: gold mining, 
chemical industry, metal smelting, coal combustion, natural resources and 
agricultural sources.   
Mercury generally exits in a trace amount in petroleum and coal. The coal 
burning is contributing to about 50% of the mercury emission and about 40% 
resulted from the incineration and about 10% from fuel oil combustion [9].  This 
source of mercury in the fossil fuels is from the ore in crude oil and gas 
reservoirs. These reservoirs represent a massive source of all heavy metals 
contaminants such as Hg, Zn, Cd, As, and Cu, which moved and transferred to 
the water column and then was produced with crude oil, coal and gas [9,10]. Most 
of the mercury, about 98%, stayed in the sediments, however, the mercury can 
be moved to the water during gas or crude oil production in slow process or under 
the sulfide oxidation and complexation with organic ligands [9,10]. The inorganic 
form of Hg+2 is non-volatile and can go under biotic and abiotic reactions to 
produce organic compounds such as methylmercury (CH3Hg
+) [10].  
7 
 
 
Mercury toxicity and its health concerns have been well documented and it 
is considered to be a global pollutant [11-14]. Mercury as an element, Hgo, has a 
long residence time in the atmosphere from 0.5-2 years and can be transferred 
from one place to other remote places, even 1000 km away from its source. Upon 
releasing Hg metal into the environment is subjected to various chemical 
reactions and transformations from one form to another, depending on different 
conditions[12].  Mercury in the form of Hg++ is a stable and nonvolatile species 
that can be converted into methyl mercury, a highly toxic compound. This 
conversion takes place under oxidation/redaction and methylation-demethylation 
reactions, involving bacteria process [9].  People are mainly concerned about 
getting mercury directly from drinking water or indirectly through eating fish that 
has some mercury as a result of seawater contaminated with mercury [11-13].  
Mercury usually exists in three oxidation states,   Hg(0),  Hg(1+)  and Hg (2+). 
The Hg2+ exists in the water or soil environment as salts or organomercury 
compounds. About 90% of the mercury in the atmosphere exists in elemental 
mercury [14]. Organic methylmercury is considered to be the most toxic among all 
other forms as it is believed to damage the immune system, alters genetic and 
enzyme systems [15,16]. There is no mercury safe level identified for human 
consumption, however, a maximum mercury concentration of 0.001 ppm is within 
permissible limits in drinking water [17]. Also the guidelines limit mercury levels in 
the discharge of industrial wastewater into sewers to be 1 ppb maximum, was 
implemented starting effective May 1, 2009 [18]. UN committees recommended 
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new dietary limits for mercury for pregnant women by reducing mercury from 3.3 
µg to 1.6 µg per kg body weight per week, to sufficiently protect the developing 
fetus [19].  
The U.S. Environmental Protection Agency promotes policies to eliminate 
mercury uses, reduce the export of mercury, and significantly reduce mercury 
exposures at the local, national and international levels.  The Agency has issued 
regulations to reduce mercury releases to air, water and land; and works with a 
variety of stakeholders, including the waste management and health care 
industries, to encourage voluntary efforts to reduce or eliminate mercury pollution 
[20].   The Mercury Export Ban Act of 2008 (MEBA), signed on October 14, 2008, 
prohibits the export of elemental mercury from the United States, beginning in 
2013 [21].  
 
1.1   ISSUES OF MERCURY IN CRUDE, GAS AND GAS CONDENSATE   
The presence of trace amount of mercury in oil, natural gas and gas 
condensate can cause trouble in many parts of the production, transportation, 
storage and refining systems [22]. The presence of mercury in gas can cause 
severe corrosion problems where is amalgamate with aluminum leading to 
complete damage to the heat exchangers. Most of the heat exchangers are made 
of aluminum that is very susceptible to mercury [23]. The amalgamation with the 
aluminum causes embrittlement that reduces the mechanical strength leading to 
unexpected failure and gas leak. Mercury exists in gas, gas condensate and 
9 
 
 
crude oil can cause serious problems at the downstream operation such as 
refining and the petrochemical industries [24]. Naphtha produced from gas 
condensate and crude oil is mostly used as feedstock for the petrochemicals 
industry. Naphtha is now being monitored for mercury content to protect the 
petrochemical catalysts [23,24]. This is due to the fact that mercury has the 
tendency to amalgamate or deposit on catalysts, reducing their efficiency and 
producing poor quality petrochemical products. The continuous deposition of 
mercury will ultimately damage the whole catalyst and make its regeneration 
almost impossible [25] 
 The mercury in raw petroleum is transferred to the environment by several 
ways, such as waste water, products, gas and solid waste during the production, 
transportation and refining process [26]. Although mercury from oil in the refinery 
is distributed into the different product streams, wastewaters streams typically 
may contain the major part of the mercury content. When this occurs, 
wastewaters are not allowed to be discharged in open rivers or oceans because 
regulatory conformity would not be reached [26,27]. 
 The level of mercury in natural gas can vary significantly depending on the 
locations and sources as shown in the Table 1.1 [28]. 
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Table 1.1 Average mercury content in natural gas at different regions   
Location  Elemental Hg (mg/m3)  
South America 0.01-120 
East Asia 58-193 
North  Africa 0.3-130 
North  Europe 0.01-180 
Middle East 1-9 
North America 0.001-0.050 
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Mercury content in crude oil usually ranges from 0.1 to 50 ng/g depending 
on the crude types and geographical locations. This was demonstrated by a study 
conducted by Emergencies Science and Technology Division, Canada, from 2003 
to 2006, covering 32 types of crude processed in Canadian refineries. The work 
objective was to monitor the mercury quantity generated from crude oils in a 
single year. The study concluded that the total amount of mercury in crude oil 
refined and processed in Canada was estimated to be 227 kg in 2002, 231 kg in 
2003, and 240 kg in 2005  [29].    
 
1.2  MERCURY SPECIATION AND DETERMINATION METHODS 
Mercury as mentioned early is one of the most toxic elements impacting 
human and ecosystem. Several forms of the mercury exist in the environment 
whether in its elemental, inorganic or organic forms with the methylmercury being 
the most toxic species. The mercury emission from natural or anthropogenic 
sources is mainly in the elemental form (HgO), which constitutes more than 99% 
of the total Hg in the atmosphere.  Then mercury in the elemental form is 
converted by biological or chemical process to other organic and inorganic 
species. Figure 1.2 demonstrates the biogeochemical cycle of mercury in the 
environment [30].  The various forms of mercury can be converted from one form 
to another with most importantly is the conversion to methylmercury (CH3Hg
+), 
the most toxic form. Ultimately, mercury ends up in the sediments, fish and 
wildlife, or goes back to the atmosphere by volatilization. 
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Figure 1.2 Biogeochemical cycle of mercury in the environment 
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K. Lepold in his analytical review methods reported the typical mercury 
content and species in uncontaminated natural waters Table 1.2 [30]. Chen and 
co-workers [31] optimized the cloud point extraction methodology and the 
reverse-phase HPLC with inductively coupled plasma mass spectrometry (ICP-
MS) detector to measure ultra-low levels of organic and inorganic mercury 
compounds, extracted from biological and environmental samples. Optimization 
of these techniques resulted in very low detection limits of 13, 8, and 6 ng/L for 
methyl-Hg+, phenyl-Hg+, and Hg+2, respectively. Application of CPE-HPLC-ICP-
MS lowered the detection limit of at least an order of magnitude compared to 
HPLC-IPC-MS alone. Authors noted a partial decomposition of ethyl-Hg+ during 
the extraction process; thus this methodology is not suitable for this species. 
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Table 1.2  Typical total Hg concentration ranges and fractions of different 
dissolved mercury species in uncontaminated natural waters 
Water  
Total, Hg 
(ng/l) 
Fraction of Hg Species  
(% of total mercury ) 
Hg Hg++ Methyl-Hg Dimethyl-Hg 
Open ocean, 
Atlantic 0.2–3.24 10–50 30–60 <1–10 <1.7 
Open ocean, 
Pacific 0.03–1.38 10–50 n/a <1–10 n/a 
Mediterranean 
Sea 0.05–1.8 6–54 9–58 10–30 <0.3 
Black Sea 0.36–2.37 3–17 n/a <1–15 <0.05–0.5 
Estuarine and 
coastal waters 0.1–35 10–30 70–90 n/a n/a 
River 1.0–5.0 10–30 40–60 <40 n.d. 
Lake 0.2–80 10–30 40–60 <40 n.d. 
Rain 5.0–90 n/a n/a 3–10 n/a 
Ground water 0.1–16 n/a 
 
n/a n/a 
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An extensive literature review, up to year 2004, for gas chromatographic 
techniques combined with plasma spectrometry techniques applied in analysis of 
pollutants was compiled [32]. Mercury element represents majority of published 
papers due to its impact on the environment and processing technologies. 
Various types of spectrometers and, interfaces and types of plasma were 
discussed in this review. Samples were analyzed directly or in combination with 
derivatization techniques. Advantages and disadvantages of various technologies 
and their combinations were analyzed in this review. 
Emteborg and co-workers [33] investigated errors introduced during 
derivatization of mercury species with different Grignard reagents and influence of 
this preparation methodology on the mercury species analysis by gas 
chromatography coupled with microwave-induced plasma atomic emission (MIP-
AES). Butylating agent caused formation of butyl derivatives that eluted very 
closely with alkylated mercury peak causing increase in the background. Grignard 
reagents with larger alkyl groups (pentyl- and hexyl-) were found not suitable for 
derivatization due to poor stability of derivatized mercury compounds. 
Contamination with the chromatographic inlet and the chromatographic column 
with halides (iodine and bromine) interfered with the detection of alkyl mercury 
compounds through formation of organomercury halides. 
Recent, 2009, extensive review of non-chromatographic methods applied 
in mercury analysis summarizes alternative methodologies that allow cost-
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effective and simple measurement of total mercury concentration [34]. Most of the 
literature in this review covers food and environmental analyses. Various 
extractions, derivatization, trapping techniques combined with atomic 
spectrometry methods are compared. Information on individual mercury species 
is limited. 
Analysis of mono-methyl mercury, inorganic mercury (Hg+2) and total 
mercury in biological samples is discussed in reference [35]. Authors developed 
aqueous phase derivatization method converting mercury species to ethyl, 
methylethyl, and diethyl derivatives. These derivatives can be conveniently 
analyzed by gas chromatography with cold vapor atomic fluorescence 
spectrometry (CV-AFS). Total mercury concentration agreed well with the sum of 
concentration for individual species. Extreme care was applied in maintaining 
freshness of the glassware and other components. The detection limit of mono-
methyl mercury and inorganic mercury as mercury element was 0.6 and 1.3 pg, 
respectively. 
Cloud point extraction combined with inductively coupled plasma/optical 
emission spectrometry (ICP/OEM) was applied to biological (muscle) samples 
[36]. Ionic mercury (Hg+2) was reacted with iodide anions to form mercury 
tetraiodide anions and further complexed with methyl green cation. Formed 
hydrophobic complex was extracted by non-ionic surfactant and analyzed by 
ICP/OEM. Methyl mercury ions were extracted from the remaining solution by 
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addition of chelating agent. Although extraction of (Hg+2) was 93%, extraction of 
methyl mercury ions was only 50%. 
Stability of various mercury species during storage and sample handling 
presents significant problem, regardless of applied analytical methodology [37]. 
Mercury (II), in the form of mercury chloride, forms mercury (I) species when 
mercury metal is present in hydrocarbons (heptane, toluene or their mixture). This 
conversion occurs within a few days period. Mercury (I) compounds form colloidal 
suspension and can be converted to stable butyl analogs with Grignard reagent 
and quantified by chromatographic techniques (GC-MIP-AES or GC-MS).  
Elegant et al provided detail study of chromatographic analysis of mercury 
species in gas condensates [38]. Authors undertook a systematic approach to 
eliminate artifacts from the chromatographic analysis of mercury species, 
analyzed suitability of the detection method, and addressed the stability of various 
mercury species that may affect mercury speciation and determination. Very low 
mercury detection limit, 0.08 pg for alkylated mercury was reported. Effect of 
frequently applied derivatization methods on speciation of mercury was also 
discussed in this paper. Authors concluded that condensates from Thailand 
contain over 90% mercury in Hg(0) and Hg(II) oxidation states. 
Review of mercury speciation by high-performance liquid chromatography 
(HPLC), provided by Harrington [39] covers literature from the 1986-1999 period. 
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Almost all HPLC methods apply reverse phase chromatography with organic co-
solvents, chelating and ion pairing agents, and buffers. 
Combination of capillary electrophoresis with cold vapor atomic absorption 
spectrometry was reported in [40]. Capillary electrophoresis separation method 
performed well for charged mercury species, with detection limits of 0.04 µg/mL. 
This combination of separation and detection methods reported above 98% 
recovery of methylmercury. 
Quantification of total mercury, including organic mercury, in condensates 
and crude oil proved successful via oxidation of low-oxidation state mercury (0 
and +1), with bromine, to mercury (+2) and subsequent reduction to elemental 
mercury and spectrometric detection at 253.7 nm using cold vapor interface [41]. 
Authors claim recoveries between 93 and 98 percent for alkyl mercury species. 
A detailed study of mercury distribution, in pristine and gold-mining-
contaminated soils highlighted that the presence of mercury is associated with 
certain mineral groups (aluminum-substituted iron oxides and aluminum oxides) 
and soils rich in organic matter (sulfur-containing functional groups). Oxidative 
and reducing conditions in specific layers of soils are also correlating with the 
distribution of different mercury species. Mercury extraction methods were 
adjusted depending on the matrix [42]. 
Bloom analyzed mercury species in petroleum hydrocarbons by simple 
extraction methods, combined with CV-AFS, and investigated stability of major 
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mercury species (Hg0, Hg+2, CH3HgCl, and (CH3)2Hg). The study proved that 
porous polyethylene containers adsorb large amounts of Hg0 and (CH3)2Hg. Most 
metal containers are not suitable for sampling intended for mercury analysis. Hg+2 
in the chloride form was readily adsorbed on the surface of the glass containers 
due to the presence of silanol sites. It is interesting that some stability 
experiments showed increase of mercury concentration followed by the initial 
decrease. This effect was particularly strong for aluminum containers and metallic 
mercury. Large fraction of total mercury exists in the particulate form. Filtration 
experiments proved that the size for the majority of particles is between 1 and 10 
µm [43]. 
Chen and co-workers [44] analyzed inorganic (Hg+2) and methylmercury  
(CH3Hg
+) by cloud point extraction followed by HPLC separation coupled with the 
ICP-MS detector. The extraction methodology, the HPLC separation, and ICP-MS 
conditions were optimized in this work. Cloud point pre-concentration proved 
effective in measuring the concentration of mercury species, offering detection 
limits of 4 and 10 ng/L for Hg+2 and CH3Hg
+, respectively. 
Wang and co-workers studied the fate of different mercury species during 
coal burning process, and removal of mercury from flue gases [45]. The study 
concluded that most of the mercury species detected in the flue gas are in the 
form of mercury metal and mercury (II).  Fly-ash from the combustion process 
contributes to accelerated mercury oxidation, acting as a catalyst. Oxidized 
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mercury species are easier to scrub by conventional processes. Fly-ash itself acts 
as adsorbing media; the higher the carbon content the higher adsorption capacity 
will be. 
The published UOP method 938-10 “Total mercury and Mercury Species in 
Liquid Hydrocarbons” provides detail step-by-step methodology for analyzing total 
mercury [46]. This method applies two-stage gold traps to amalgamate mercury 
and release it to a CV-AAS or CV-AFS detector.  
1.3   MERCURY REMOVAL 
1.3.1  MERCURY REMOVAL FROM WATER  
The World Health Organization (WHO) recommended the maximum 
mercury limit to be 0.001 ppm in drinking water as mentioned earlier.  Also the 
new environmental guidelines of controlling the mercury limit in the discharge 
wastewater into the sewers by a maximum of 1 ppb dictated the needs of 
removing mercury using the appropriate methods [17-19].   There are several well 
developed conventional techniques to remove mercury and other heavy metals 
from wastewater and drinking water to the acceptable limits such as chemical 
precipitation, coagulation-flocculation, ion exchange, reverse osmosis, 
complexation-sequestration, and biological treatment [47,48]. The most widely 
used process for removing heavy metals from the wastewater is the chemical 
precipitation. The concept is to use some certain chemicals that form complexes 
with heavy metals leading to low solubility in solution [47,48].  Table 1.3 
21 
 
 
summarizes these methods and their efficiency of removing mercury from 
wastewater [48].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
22 
 
 
 Table 1.3 Techniques used to remove mercury from wastewater.    
Methods Techniques Advantages  Disadvantages  Hg 
 removal % 
Chemical 
precipitation 
Sulfide (e.g., Sod. 
Sulfide, Sod. Hydro 
Sulfide, Magnesium 
Sulfide or other sulfide 
salts) is added to the 
waste stream to 
convert the soluble 
mercury to the 
relatively insoluble 
mercury sulfide form 
Most effective 
near neutral pH, 
economical, water 
can reused, fast 
process 
Difficulty of real 
time monitoring of 
reactor sulfide 
levels, generation 
of toxic residual 
sulfide sludge 
disposal problems. 
95-99.8 
Conventional 
coagulation 
Using aluminum 
sulfate 
(alum) iron salt and 
lime  
 
Good for  higher 
Mercury 
concentration 
Does not  give  
desired 
precipitation 
70-98 
Adsorption by 
activated 
carbon 
Activated carbon  
 
Efficient and 
easy to handle, 
water can be 
reused after 
regeneration 
Slow reaction 
suitable for low 
concentration, high 
regeneration cost 
60-95 
Adsorption by 
natural materials 
Natural waste material 
are used as 
adsorbents 
Easily available, 
ecofriendly. 
Economical, 
lesser secondary 
effluents 
Slow process 80-95 
Ion exchange Various ion exchange 
resins are used for the 
removal of the mercury 
Insensitive to 
variability, can 
achieve zero 
level contaminant, 
resin can reused 
after regeneration 
Regenerated brine 
must be disposed, 
cannot typically 
used for water with 
a high total dissolve 
content, high setup 
cost 
90 
Reverse 
Osmosis 
Cellulose acetate, 
aromatic polyamide 
membrane are used at 
very high pressure as 
a 
result of which solvent 
is forced out through 
membrane to the dilute 
solution 
Compact 
process at mild 
temperature, 
simultaneous 
separation and 
concentration 
Operated at high 
pressure can cause 
damage to the 
equipment, 
frequent clogging 
and choking, high 
operational and 
capital cost  
91-93 
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Recently there has been some research conducted on developing 
sorbents that can remove organic or inorganic mercury from wastewater utilizing 
different materials. Aaron Hutchison et al synthesized group of ligands that can 
bind with mercury.  This was based on the commonly known fact that the mercury 
can make strong complexation with other ligands in the linear or tetrahedral 
geometries. His work focused in making these ligands with alkyl hydrocarbon 
chain of three or four carbon atoms having sulfide group in both ends. This is to 
give better flexibility to bind with mercury in a tetrahedral shape.  The results 
showed that the precipitation of HgCl2 solution ranged from 90 to about 98% 
mercury removal in a ratio of ligand to mercury 1:1 [49].   
M. Zabihi and his coworkers demonstrated that the powder activated 
carbon derived from the walnut shell has the ability to remove Hg++ from aqueous 
solution up to 90% at low pH [50].  
 Ridvan Say et al conducted a study on investigating the performance of 
ditheocarbomate-anchored polymer/organosmectite composite in removing 
several mercury species such as Hg++, CH3Hg
+, and C6H5Hg
+ from aqueous 
solution, whether separately or in a mixed solution [51]. The mercury removal was 
dependent on the mercury types and concentration, and the pH of the solution. 
The study reported that the maximum adsorbent capacities for Hg++ CH3Hg
+, 
C6H5Hg
+ 157.3 mg/g, 214.6 mg/g and 90.3 mg/g respectively.  
H.Bessbousse et al. used sorbent and filtration approach using 
poly(vinylalcohol)/poly(vinylimidazole) complexing membrane to remove Hg++ 
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from water.  The removal of Hg(II) was more than 99.4 % when the system was 
used in the filtration mode using solution with mercury content of 91.6 or 17.5 mg 
Hg/l. The work also highlighted that the capacity of removing mercury is much 
less than the theoretical exchange capacity indicating that most of the internal 
sites of the membrane are not accessible to mercury [52].     
Several studies have been conducted in using modified activated carbon 
with some ions for mercury removal from water.  Using modified activated carbon 
provides several advantages such as high surface area, high adsorption capacity, 
and easy to regenerate. Kuang Min et al reported work on studying the silver-
loaded activated carbon fiber and activated carbon fiber of adsorbing mercury 
under the nitrogen stream.  The findings indicated that the sliver-loaded activated 
carbon fiber and activated carbon fiber have a saturation adsorption capacity of 
192.3 mg/g and 29.4 mg/g at 70 ºC, which are 48-129 and 7-29 times of the 
common activated carbon respectively [53].    
Jianhong Zhu et al. modified the surface of the activated carbon by 
introducing nitrogen-, sulfur- and Cl-containing functional groups to enhance 
mercury removal from aqueous solution. The mercury sorption capacity and rate 
by modified activated carbon was found to be better than activated carbon alone 
[54].    
Carbon nanotube and nanofibers have been used in many applications, 
whether in their normal or modified forms with other functional groups and ions. 
Their specific characteristics such as: strong resistance to acid/basic media, high 
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porosity and surface area, the possibility of recovering the precious metals by 
burning, etc. attracted the researchers’ attention to do more work on this field 
[55].  
Samia Kosa et al. used multi-walled carbon nanotubes, modified with 8-
hydroxyquinoline to remove heavy metals from aqueous solution. Although, this 
study focused on removing heavy metals such Cu, Pb, Zn and Cd from aqueous 
solution, it could give also good result of removing mercury[ 56]. 
Amjad Al-Sheik et al. work focused on studying the effect of the 
geometrical and oxidation of the multi-wall carbon nanotube (MWCNT) on the 
mercury (II) sorption process. The oxidation of the MWCNT created more 
functional groups such as carboxylic, phenolic and lactonic groups. These groups 
help increase the affinity of adsorbing mercury ions [57].     
 
1.3.2 MERCURY REMOVAL FROM NATURAL  GAS AND LIQUID 
HYDROCARBON   
 
Raw natural gas comes primarily from one of three types of wells: crude oil 
wells, gas wells, and gas condensate wells. Natural gas that comes from crude oil 
wells is typically named associated gas. It is basically dissolved under high 
pressure in crude oil reservoir and released when it comes to the surface.  
Natural gas from gas wells and from condensate wells, in which there is little or 
no liquid oil, is termed non-associated gas. Gas wells typically produce only raw 
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natural gas, while gas condensate wells produce raw natural gas along with other 
liquid hydrocarbons. The hydrocarbons of higher than pentane are liquid at 
ambient conditions and are separated and sent to the hydrocarbon liquid for 
further processing, which is named as a gas condensate [58]. 
Removing mercury from natural gas and liquid hydrocarbons is driven by 
both environmental regulations and operational problems where the latter is 
considered to be the primary driving factor for developing appropriate 
technologies to remove/reduce mercury content in gas and liquid streams. There 
are several operational issues related to the mercury [59-62]. Mercury can cause 
severe corrosion of equipment materials, such as copper and aluminum and can 
lead to catastrophic failures of the heat exchangers at the gas plants. Mercury 
can also make contamination of valuable products from refinery streams, such as 
gas streams, LPG, light or heavy distillate products. Another concern of the 
mercury is the poisoning of catalysts in the petrochemical plants that use gas and 
other petroleum products as feedstock.  The risk associated with handling and 
dealing with mercury in the operational processing systems during the plants 
shutdown and maintenance by the personnel is another concern.   
Industrially, in the past there was a little interest in removing mercury from 
natural gas until an incident triggered the attention to address the need of 
removing it. The incident happened in Algeria in the early 1970s where 
catastrophic failures of the aluminum heat exchangers as a result of mercury 
corrosion [59-60]. Such incidents led to the development of several technologies 
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that have been implemented widely to remove/reduce mercury from natural gas 
streams to very low acceptable limits.  The new technologies are very successful 
in achieving the desired results of reducing mercury content in gas streams to 
below detectable level or less than 10 µg/m3  (≈1 ppb). The satisfactory mercury 
removal performance of these technologies depends on the mercury species and 
content and the nature of sorbents material. Several materials used sorbents 
such as silver-doped in molecular sieve, sulfur-impregnated in activated carbon, 
metal-sulfide material impregnated in alumina or activated carbon, potassium 
iodide in activated carbon have been used [63-67]..    
Some work has been published lately on the utilization of different 
materials to capture mercury from gas emission.  Zhang An-chao et al reported 
that elemental mercury can be removed from coal combustion gas using 
bentonite-chitosan and their modified form by iodine and sulfuric acids. Chitosan 
is a polyatomic polymer produced as a waste product from the seafood 
processing industry which is available, biodegradable and easy to modify 
chemically.  The results of this study showed that the chitosan-iodine modified 
bentonite gives the highest mercury removal compared to the raw chitosan 
sorbent, or its iodine modified forms [68].  
Another study published by Junwei et al. demonstrated that the use of 
V2O5/activated coke (AC) catalyst improves the capturing of elemental mercury 
from the flue gas emission, compared to the use of activated coke only. This 
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increase in capturing the mercury was attributed to converting the mercury metal 
to its oxide form by V2O5. The capturing of elemental mercury was improved by 
increasing the V2O5 amount and promoted by the presence of O2 and SO2. The 
efficiency of the sorbent was inhibited by the presence of H2O [69].  
Qi Wan et al studied the gaseous elemental mercury removal by hydrogen 
chloride over CeO2-WO3/TiO2 nanocomposite in simulated coal-fired flue gas. 
The study indicated that about 95% of the mercury was removed in presence of 
O2 at a temperature that ranges from 200-400 ºC. It was found that the water 
vapor slightly inhibited the removal of mercury [70]. Haidiang Wang et al used the 
titania nanotubes (TNTs) using photocatalytic-oxidation-adsorption behavior. The 
results showed that the mercury removal was more than 90% after 100 hours. 
The TNTs calcined at 500 ºC showed the highest mercury removal [71]. 
There are some developed technologies to remove mercury from liquid 
hydrocarbons, particularly the low boiling point range such as LPG, light naphtha, 
and gas condensates. These technologies have been implemented in different 
parts of the world as shown in Table 1.4 [72,73].     
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Table 1.4 Mercury removal units used at different parts of the world.  
Location  Hydrocarbon  Start-up date Hg  ( ppb) 
UK LPG 1997 60 
Middle East Condensate 1999 10 
Middle East Condensate 2009 50 
Far East Naphtha 2002 20 
Far East Naphtha 2002 385 
UK Naphtha 2003 100 
Far East  LPG 2000 292 
Netherlands Condensate  2004 300 
Australia  Condensate  2004 270 
Turkey Naphtha  2009 100 
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In the past, the mercury removal was based on its reactivity with elemental 
sulfur which is impregnated on carbon, however there are some problems 
associated with this approach. The sulfur can be lost by leaching in hydrocarbons 
and thus affect the product quality in terms of sulfur limit specification. The 
disposal of used sorbents is an environmental concern where mercury can be 
removed only by a thermal process. The sorbents can lose sulfur during the 
startup and commissioning as it needs to be adequately equilibrated with feed 
and thus reduce the sorbent efficiency [74].   
Therefore, new sorbents materials were developed based on inorganic 
materials that are highly reactive toward mercury. The mercury or its compounds 
can react with sorbents’ active material to form HgS, HgI or form amalgam that 
can be retained in the support material. The commercial sorbents that are used 
for mercury removal, consist of two main parts; substrate support, like zeolite, 
activated carbon, alumina, metal oxides, etc., and reactive constituents bonded to 
the support such as Ag, KI, CuS, metal sulfide, etc. Some of these technologies 
can be applied for removing mercury from gas and some from liquid  
hydrocarbons as  shown in Table 1.5 [74,75].  
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Table 1.5 Different mercury removal systems 
  
Reactant Substrate Reactant  Application 
Sulfur,  Carbon, Al2O3 HgS  Gas 
Metal sulfide,  Carbon, Al2O3  HgS Gas, liquid 
Iodide  Carbon  HgI2  Dry liquid 
Pd+H2 -metal 
sulfide  
Al2O3  HgS  Liquid 
Ag  Zeolite Ag/Hg amalgam Gas, light liquid 
Metal oxide-
sulfide  
Oxide HgS Gas, liquid 
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The removal of mercury from liquid hydrocarbon streams depends on 
several factors; the feed composition, mercury content and species, temperature, 
water content in the feed, etc.  The sorbents performance gives high removal 
efficiency when the feeds consist mainly of elemental mercury and the 
performance drops significantly with feeds having different mercury forms such as 
organic mercury compounds or HgS [74-76]. 
So far there is no proven technology used for removing mercury from 
heavy hydrocarbons e.g. crude or whole gas condensate, however, Muhammad 
Rashed et al, reported that the installation of new technology in Terengganu gas 
field in Malaysia to remove mercury from gas condensate was successful.  The 
paper highlighted that the mercury was not an issue since the startup of the gas 
development field in 1980s until recent years where the elemental mercury was 
found in vessels and piping low points of the gas production facilities. This 
mercury concern promoted the need to build mercury removal units to avoid any 
operational and health problems.  The mercury removal unit is required to build 
pretreatment process to reduce the water content from 20,000 ppm to less than 
10 ppm and remove particulates to less than 10 microns. The unit was designed 
to reduce mercury content from 250 ppb to less than 5 ppb [77-78].  
 The excellent physical and chemical properties of CNT and CNF attracted 
many researchers to conduct studies on utilizing them in various applications and 
one of them is the removal of heavy metals from water and gas.  No publications 
have been found in the utilization of CNT or CNF in removing mercury from liquid 
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hydrocarbon like crude oil or gas condensate.  This study is focused on utilizing 
CNT, CNF activated carbon (AC), fly ash (FA) and their modified forms 
impregnated with metals or some functional groups, to study their ability of 
removing mercury from hydrocarbons.     
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CHAPTER 2 
EXPERIMENTAL WORK 
2.1 MATERIAL 
2.1.1  HYDROCARBONS 
 Condensate samples were obtained on a needed basis from the upstream 
production lines to ensure that the samples were fresh.  Several samples were 
used for the mercury speciation.  Samples were collected in special dark glass 
bottles and stored in a cold place.  Samples were used immediately for the 
mercury removal experiments every time the mercury content was to be 
determined for the experiment.    
 
2.1.2     CHEMICALS AND SOLVENTS  
 Zeolite and Alumina, AgNO3, KI, isooctane, NaCl, and mercury standards 
were purchased commercially. Methyl mercury chloride was purchased from VHG 
Labs and mercury chloride and mercury metal were obtained from SIGMA-
ALDRICH. Mercury alkyl dithiocarbamate standard bought from MBH Analytical 
35 
 
 
Ltd/CONS. Cupric nitrate , Aluminum, Ferric nitrate, Titanium isopropoxide   were 
purchased commercially to prepare the modified forms of carbon nanotubes, 
nanofibers, and activated carbon and fly ash . Fly ash was brought from a local 
plant that uses oil as a fuel. Carbon nanotubes and carbon nanofibers were 
purchased from Nanostructured & Amorphous Materials, Inc. USA. The purity of 
CNTs and CNFs are both greater than 95%. The CNTs have an average length of 
few microns and an average diameter of   24 nm. CNFs used have outside and 
inside diameters of 200–500 nm and 1–10 nm respectively. The length of these 
CNTs and CNFs are 0.5-2.0µm and 10–40 µm, respectively. Activated carbon 
purchased from commercial sources.  
 
2.2    SORBENTS PREPARATION  
2.2.1 IMPREGNATION OF SILVER ON ZEOLITE, ALUMINA  AND CARBON 
NANOTUBE  
Silver-loaded zeolites and alumina, carbon nanotube and carbon nanofiber 
were prepared via incipient wetness impregnation method. A volume of 40 ml of 
0.05M AgNO3 solution was added to 10 g of zeolite or alumina. The mixture was 
stirred overnight and then was filtered and washed and kept under vacuum at 100 
oC to allow the slurry to reach dryness by water removal. All the above-mentioned 
procedures were performed in the dark to avoid any effect of light. The prepared 
adsorbents were then calcined at 550 ºC for 6 hrs.  
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2.2.2 IMPREGNATION OF KI ON ZEOLITE AND ALUMINA  
20 ml of 0.01 M of KI solution was added to 5 g of zeolite or alumina stirred 
slowly overnight. Then the samples were filtered washed with deionized water 
dried and calcined at 550 ºC for 6 hrs.  
 
2.2.3 COMMERCIAL SORBENTS  
Commercial sorbents that are usually used for removing mercury from light 
hydrocarbons such as light naphtha or natural gas were only bought commercially 
for comparison purposes. Codes A, B, and C were used to label the sorbents for 
confidentiality purposes. 
 
2.2.4 CNT, CNF, AC AND FA MODIFIED FORMS PREPARATION 
A target of five percent of elements deposited on the CNT, CNF, FA, AC 
material was chosen for all experiments for consistency and better evaluation.  
The impregnation of the elements process was carried out by first dissolving 
about 0.25 g of impregnating elements into a small amount of water.  About 
4.75 g of CNT, CNF, AC or FA was then added to about 200 ml ethanol 
(enough volume for material to mix adequately during sonication).  Both 
components were mixed and stirred for one hour and the final solution was 
sonincated for 1 hour. Some ethanol was added to increase the mobility of the 
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material if needed.  The sample was filtered and rinsed with de-ionized water 
at least 5 times or until the filtrate turned colorless.  The materials were 
calcinated at 350 ºC under argon environment for 3 hours. 
 
2.2.5  FUNCTIONALIZATION OF CNT, CNF, FA WITH COOH 
About 250 ml a concentrated nitric acid (69%, AnalaR grade) was added to 
2 g of each of CNT, CNF and FA. The mixture was refluxed under constant 
agitation at 120 oC for 48 hours. After cooling, the reaction mixture is diluted with 
500 ml of deionized water and then vacuum-filtered through until the pH of filtrate 
is similar to the deionized water. The acid modified MWCNTs, was then dried in a 
vacuum oven at 100 oC for 24 hours. 
 
2.3 INSTRUMENTATIONS 
       Cold Vapor Atomic Florescence Spectrometry (CVAFS), Millennium Merlin 
PSA 10.025 was used to determine the mercury content for all of the experiments 
using the digestion sample preparation. ESEM and XRD/XRF were used for the 
material characterization. ICP-AES, Spectro Ciros CCD, Axial plasma, 27 MHz, 
1400 W power and the hydride generator system were also used. XRD 
PANalytical X-Ray Diffractometer Model: XPert PRO was used for characterizing 
CNTs impregnated with sulfur. Transmission Electron Microscope, TEM JEOL 
JEM-1400 Images taken with bottom mounted Gatan Orius SC200 CCD camera 
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EDS analysis with Oxford 30mm2 Si(Li) detector was used to characterize the 
developed sorbents. ESEM XL30 type microscope with EDS X-ray microanalyzer 
was used to obtain the sorbents images and elemental analysis. 
 
2.4  VALIDATION OF THE MERCURY DETERMINATION METHOD   
Two sample pretreatment approaches were used to evaluate the suitable 
sample preparation for accurate mercury measurements: the wet extraction and 
digestion approaches. ICP-AES system was used for comparison purposes.  
 
2.4.1 SPIKED CONDENSATE WITH Hg 
A condensate sample that has no detectable mercury (was tested for 
mercury and showed now mercury content) was used to prepare the spiked 
condensate with mercury. Then, one liter of this condensate, with a total weight 
of 748 g, was spiked by 25g of a mercury standard (100 ug/g mercury 
alkyldithiocarbamate standard), giving the final concentration of 3.234 ppm (3234 
ppb). Then, the spiked sample was mixed and homogenized for around 30 
minutes and immediately 40 samples were taken in glass vials with Teflon lined 
caps and kept in the cold storage. Ten samples were taken in at different dates, 
five were digested in Aqua regia and five samples were extracted by KBr in 500 
ml Conc. HCl and/ KBrO3. Five batches were run on different days to see if there 
is any significant difference of the results with time. 
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2.4.2  WET EXTRACTION  
The oxidation solution was prepared by dissolving 5.4 g of KBr in 500 ml 
concentrated HCl and slowly adding 7.6 g KBrO3 while stirring. The condensate 
samples were prepared accurately by taking 3.6 g in glass vials with Teflon lined-
caps. Then, 10 ml of BrCl/HCl oxidation solution was added to each sample 
bottle. The bottles were immediately capped and agitated in a shaker for 30 
minutes prior to the extraction process. The samples were allowed to settle, or 
centrifuged, if needed, for 15 minutes at 3000 rpm to separate organic and 
aqueous layers. If the aqueous layer phase changed from orange to colorless or 
pale yellow, this indicates that all of the oxidizing power of BrCl was consumed. 
Before analyzing, the samples were filtered or pipetted off and the oil layer 
separated and discarded. The extracts were diluted to 50 ml and analyzed for 
mercury by Cold Vapor Atomic Fluorescence Spectrometry (CV-AFS). A blank 
sample was also prepared in the same manner. 
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2.4.3 ACID DIGESTION  
Condensate spiked samples were placed on a shaker for at least 2 hours, 
and sonicated for 15 minutes. About 1 mg of each sample was transferred to a 
clean acid-washed reflux digestion tube containing 10 ml of aqua regia. After 
agitation, the samples were then heated to 120 ºC for 1 hour. Once the samples 
are cooled, an aliquot of the aqueous phase was removed, diluted and analyzed 
directly by CV-AFS. 
 
2.4.4  MERCURY DETERMINATION IN ACTUAL CONDENSATE SAMPLE 
The freshly collected condensate samples were analyzed by two different 
techniques: cold vapor atomic florescence spectrometry CVAFS and inductively 
coupled plasma-Atomic Emission Detector (ICP-AES). In the case of the CVAFS, 
the sample was prepared by the digestion and extraction approaches for 
comparison.  10 samples were taken from the fresh gas condensate and placed 
in glass vials with Teflon lined-caps. Five samples were prepared by the digestion 
approach and run by CVAFS. Five samples were prepared by extraction 
approach and run by both CVAFS and ICP-AES.     
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2.5 MERCURY SPECIATION  
UOP938-10 “Total Mercury and Mercury Species in Liquid Hydrocarbons” 
was used to determine the mercury species in gas condensate.  This method is 
based on the separation and determination of soluble mercury species in 
hydrocarbon in term of elemental mercury, organic and inorganic mercury and 
ionic inorganic and organic compounds. It was proposed to cover samples 
containing 15 to 4000 ng/l mercury.   
 
2.6 MODEL COMPOUNDS PREPARATION  
Four mercury model compounds were prepared using different standards 
covering organic, inorganic and pure metal. Model 1 was prepared by adding 
0.0134 g of 99.999% mercury chloride to 733 g of gas condensate. Model 2 was 
prepared by adding 0.164 g of 1000 ppm methyl mercury chloride standard to 738 
g of gas condensate. Model 3 was prepared by adding 1.5 g of 100 ppm mercury 
alkyldithiocarbamate standard to 744 g of gas condensate. Model 4 was prepared 
by adding 0.05 g of 99.9999% of mercury metal to 748 g of gas condensate. All of 
these prepared model compounds were tested for mercury content and kept in 
the refrigerator. These model compounds were used to evaluate the mercury 
sorbents performance. Five ml from each model compound was used for each 
mercury removal experiment run. These model compounds were used also to 
evaluate the speciation method.  
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2.7 FACTORS AFFECT SORBENTS MERCURY REMOVAL PERFORMANCE 
2.7.1 CONTACT  TIME EFFECT 
A volume of five ml of gas condensate was added to 0.1 g of each sorbent 
material except CNFs material where less weight of 0.05 g was used.  The 
samples were placed in a shaker at 200 rpm for different times, 10, 20, 30, 40, 
50, 60, 80 minutes. Then, about one gram of each sample was filtered and run 
for mercury determination. All samples were filtered using syringes equipped 
with a disposable filter of 0.45 µm to avoid any cross contamination or sample 
loss. The condensate sample was run in the same manner with every 
experiment for consistency. 
 
2.7.2 MIXING RATE EFFECT  
The same steps used in the shaking time experiment were used also to study 
the effect of shaking speed (mixing rate) at 100, 200, and 300 rpm, using the 
same weight of sorbents and the same volume of gas condensate, at 40 minutes 
shaking time.  
2.7.3 SORBENTS DOSAGE EFFECT 
Five ml of mercury metal model compound was added to various weights of 
0.01, 0.03, 0.05, 0.07 g of several selected sorbents. Then, the samples were 
placed in a shaker at 200 rpm for 40 minutes. The sample then was filtered and 
subjected to total mercury determination. One more experiment of sorbent was 
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tested for mercury removal from actual gas condensate by adding five ml of gas 
condensate to different weights of iron impregnated on activated carbon. The 
used weights are 0.01, 0.05, 0.1 and 0.2 g and then run at 200 rpm for 40 
minutes. The sample then was filtered and tested for total mercury determination.    
 
2.7.4 THE EFFECT OF BOTH DIFFERENT DOSAGE, DIFFERENT TIME 
AND DIFFERENT RPM 
Five ml of the mercury model compound was added to various weights of 0.01, 
0.03, 0.05 and 0.07 g of several selected sorbents and run at 10 and 40 minutes 
at 200 rpm.  The same experiment was repeated and run at 40 minutes at 100 
and 200 rpm.  All the steps for mercury determination were the same as for the 
other experiments.   
 
2.8   SORBENT PERFORMANCE TO REMOVE MERCURY FROM GAS 
CONDENSATE   
The sorbents were tested for removing mercury from actual gas 
condensate by taking 0.1 g of each sorbent — except the CNFs series where only 
0.05 g was used and run at 200 rpm for 40 minutes shaking time. About one gram 
of each sample after filtration was subjected to total mercury determination.  Five 
ml of gas condensate was used for all experiments.   
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CHAPTER 3  
TOTAL MERCURY CONTENT DETERMINATION 
  The reliability of the total mercury content determination was critical to 
ensure that data of good precision were obtained regularly, during the course of 
this study. This is to evaluate the sorbents’ efficiency and capacity to remove 
mercury from liquid hydrocarbons.  Therefore, prior to starting the sorbent 
performance testing and evaluation, a great effort was devoted in validating the 
total mercury content determination method.  This chapter discusses the two 
sample approaches for mercury content determination. Also, two different 
techniques were used for mercury content determination for comparison 
purposes. 
The common detection technique used for total mercury content determination 
in liquid hydrocarbons is the Cold Vapor Atomic Florescence Spectrometry 
(CVAFS), which was used for this work [79]. Two sample preparation approaches 
were evaluated to select the appropriate one for this study.  The method 
evaluation was performed first by spiking actual gas condensate with known 
amounts of stable organic mercury compound standard. The gas condensate free 
mercury sample was spiked by adding the mercury standard to produce a final 
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concentration of 3234 ppb. This high concentration was chosen to examine the 
ability of two approaches for total mercury recovery determination on different 
dates.  
3.1  EXTRACTION APPROACH  
Table 3.1 and Figure 3.1 present the results of four batches with five 
samples of each set prepared by the extraction method.  The repeatability of the 
extraction approach gave mercury recovery results ranging from 93 to 100%. The 
average recovery for Hg in spiked condensate was found to be 96.4%. In addition 
the analysis of variation (ANOVA) was used to calculate the F-test for these 
different sets to assist the method repeatability by comparing their means 
statistically.  The F-test was calculated using an Excel™ program to compare the 
various means. Table 3.2 shows that the F-obtained (3.19) at probability 
percentage, p =0.05, is less than the F-critical (3.24), indicating that there is no 
significant difference among these results. The advantages of using this approach 
were realized by the short time sample analysis, a few testing steps which help to 
eliminate the random errors associated with each step  or at least avoid 
introducing any possible systematic errors, and there is no need for sample 
heating. It suffers from low total mercury recovery and applicability for heavy 
materials where the emulsion was encountered during mercury measurement in 
crude oil. The heavy sample dilution approach can help to address this issue, but 
it could affect the mercury determination and recovery results. This approach also 
suffers from extracting mercury that may exist in solid states such as HgS.  
46 
 
 
Table 3.1. Results of mercury (ng/g) using extraction approach  
  
  Batch no, Hg, ng/g    
Replicate 1 2 3 4 Average 
1 3153 3070 3472 3201 
 2 3009 3089 3300 3210 
 3 3099 2840 3201 3249 
 4 3000 3057 3210 2805 
 5 3038 3035 3099 3207 
 Average  3060 3018 3256 3134 3117 
SD 65 102 140.0 185 123 
%RSD 2 3 4 6 4 
% 
Recovery  95 93 101 97 96 
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Figure 3.1 Mercury content in spiked sample by the extraction approach  
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Table 3.2 F-test for the extraction approach 
SUMMARY             
Groups Count Sum Average Variance 
 
  
1 5 15299 3060 4213.7 
 
  
2 5 15091 3018 10309.7 
 
  
3 5 16282 3256 19595.3 
 
  
4 5 15672 3134 34264.8 
 
  
ANOVA 
     
  
Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 163841.2 3 54613.733 3.195 0.05 3.239 
Within 
Groups 273534 16 17095.875 
  
  
  
     
  
Total 437375.2 19      
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3.2 . DIGESTION  APPROACH  
Table 3.3 and Figure 3.2 show the results of the four batches using the 
digestion technique. This approach showed much better mercury percentage 
recovery ranging from 97%- 105.9%. The average percentage recovery for all 
samples is about 100%. The F-test was also applied to evaluate the various 
means of these data sets.   The calculated value of F-test (6.80 at probability 
percentage, p=0.05) is greater than the F-critical (3.23) indicating there is a 
significant difference. The average mercury recovery is about 100% of all results 
obtained by the digestion. In addition, the overall average of all mercury results is 
about 3263 ppb, which is very close to the prepared spiked sample. This gives an 
impression that the method is suitable for such analysis, however the statistical 
significant tests indicate that there is a difference. By reviewing the test method, it 
was found that it involves many steps that can contribute to the result variations, 
e.g., weighing the sample, adding other reagents such as acid, cleanness of the 
digestion tube, heating the samples, transferring the samples to the tests tubes, 
sample dilution, etc. All these steps will definitely contribute to the result 
variations if no precautions are taken, particularly when handling a large number 
of samples.  
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Table 3.3. Results of mercury (ng/g) using digestion approach   
  Batch #, Hg, ng/g    
Replicate 1 2 3 4 Average  
1 3269 3052 3211 3168   
2 3411 3245 3317 3081   
3 3479 3300 3157 3108   
4 3515 3154 3365 3257   
5 3446 3020 3387 3318   
Average  3424 3154 3287 3186 3263 
SD 95 120 97 100 104 
%RSD 3 4 3 3 3 
% recovery  106 98 102 99 101 
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Figure 3.2. The mercury results in spiked sample by digestion approach  
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3.3 . COMPARISON OF THE DIGESTION AND EXTRACTION  APPROACHES  
Two statistical tests were used to evaluate the data obtained by the two 
sample preparation approaches: a t-test to compare the experimental means and 
an F-test to compare the standard deviation by using an Excel™ program.    
Table 3.4 and Figure 3.3 demonstrate the results of the extraction and 
digestion techniques for all samples. The average value of the digestion 
measurements is close to the spiked sample value and therefore it gave a better 
mercury result recovery than the extraction.  The t-test was compared for the two 
experimental means of digestion and extraction, and took the null hypothesis that 
the two methods gave the same average results, Ho,    1=   2 . The observed t-value 
at 19 degrees of freedom is |t| =2.93, which was greater than the critical value of 
2.09, so that the hypothesis was rejected, and there is evidence that the two 
sample preparation approaches affect the mercury results, as shown in Table 3.5.  
The F-test shown in Table 3.6 indicated that the F calculated is 6.80, which is 
greater than F critical of 3.23, which indicated a significant difference between 
these two methods. 
 
This difference can be attributed to both systematic and random errors 
generated from test procedures. In the digestion approach, there are several 
steps where each one generates its own error and adds to the others, finally 
contributing to the overall results. Systematic errors can be eliminated or reduced 
by ensuring that all test steps are implemented carefully, particularly in the 
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digestion techniques as it involves many steps.  For example, in the digestion 
approach there are more steps than the extraction, such as sample heating and 
cooling, dilution, transferring the samples to the test tube, etc.  These steps will 
be eliminated with a new introduced system that uses direct injection.   
The major difference between the two approaches is noticed when 
comparing the prepared spiked value with average values of digestion and 
extraction methods. The average obtained by digestion, extraction and the value 
of the prepared spiked samples are 3263, 3115, and 3234 respectively. This 
indicates that the digestion sample preparation technique gave a close result to 
the spiked value, where the extraction gave a lower value.  In the extraction 
approach there are only a few steps where the sample extracted and submitted 
directly to the mercury analysis.  
The extraction seems to suffer from low mercury recovery, which will result 
in a significant difference when compared with digestion.  The extraction 
approach is suitable for light hydrocarbons, where heavy samples such as crude 
oils require some dilution to avoid emulsion formation during the extraction 
process. It also will depend on the type of mercury species in the sample where 
the method is not suitable for solid mercury, such as HgS.  
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Table 3.4. Comparison of both sample preparation techniques (extraction and    
digestion) 
 
spiked condensate (3234 ng/g)  Difference  %Recovery  
Sample 
# 
Extraction, 
Hg, ppb  
Digestion, 
Hg, ppb  Spiked Extraction  Digestion Extraction  Digestion 
1 3153 3269 3234 -81.0 35.0 97.5 101.1 
2 3009 3411  -225.0 177.0 93.0 105.5 
3 3099 3479  -135.0 245.0 95.8 107.6 
4 3000 3515  -234.0 281.0 92.8 108.7 
5 3038 3446  -196.0 212.0 93.9 106.6 
6 3070 3052  -164.0 -182.0 94.9 94.4 
7 3089 3245  -145.0 11.0 95.5 100.3 
8 2840 3300  -394.0 66.0 87.8 102.0 
9 3057 3154  -177.0 -80.0 94.5 97.5 
10 3035 3020  -199.0 -214.0 93.8 93.4 
11 3427 3211  193.0 -23.0 106.0 99.3 
12 3300 3317  66.0 83.0 102.0 102.6 
13 3201 3157  -33.0 -77.0 99.0 97.6 
14 3210 3365  -24.0 131.0 99.3 104.1 
15 3099 3387  -135.0 153.0 95.8 104.7 
16 3201 3168  -33.0 -66.0 99.0 98.0 
17 3210 3081  -24.0 -153.0 99.3 95.3 
18 3249 3108  15.0 -126.0 100.5 96.1 
19 2805 3257  -429.0 23.0 86.7 100.7 
20 3207 3318  -27.0 84.0 99.2 102.6 
Average 3115 3263 3234 -119.1 29.0 96.3 100.9 
SD 146 144 0 146.4 144.1 4.5 4.5 
RSD% 4.7 4.4 0.0     4.7 4.4 
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Figure 3.3. Hg results for twenty samples obtained by extraction and digestion   
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Table 3.5. t-test: Paired Two Sample for Means 
  
Extraction  Digestion 
Mean 3114.950 3263.000 
Variance 21440.366 
20768.632 
Observations 20.000 
20.000 
Pearson Correlation -0.208   
Hypothesized Mean Difference 0.000   
df 19.000   
t Stat -2.932   
P(T<=t) one-tail 0.004   
t Critical one-tail 1.729   
P(T<=t) two-tail 0.009   
t Critical two-tail 2.093   
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Table 3.6  Single Anova Single Factor for CVAFS, digestion approach  
SUMMARY 
      Groups Count Sum Average Variance 
  1 5 17120 3424 8996 
  2 5 15771 3154.2 14489.2 
  3 5 16437 3287.4 9914.8 
  4 5 15932 3186.4 9974.3 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 221106.8 3 73702.267 6.797 0.0036 3.239 
Within 
Groups 173497.2 16 10843.575 
   Total 394604 19      
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3.4 MERCURY DETERMINATION IN GAS CONDENSATE  
 
Further test evaluation was conducted after taking the appropriate   
measures and precautions during the sample preparation steps, particularly the 
digestion approach, as it involve many steps. New and small digestion tubes were 
used, proper test tube cleaning was applied; the digestion acid was added 
immediately after taking the sample weight to preserve the mercury, etc.  This 
time, the actual gas condensate and another mercury detection technique were 
used for better comparison and assessment. Three sets of gas condensate each 
had five samples subjected for total mercury determination by CVAFS, extraction 
and digestion and ICP-AED techniques.  The average results obtained by the two 
different techniques were close where the ones obtained by CVAFS give higher 
results than the ICP-AED Table 3.7 and Figure 3.4.  The F-test in Table 
3.8indicates that the F-calculated (1.26) is less than the F-critical (3.89) 
demonstrating that there is no significant difference between the results.   
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Figure 3.4. Mercury content in gas condensate using CVAFS and ICP-AES   
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Table 3.7. The Mercury content in gas condensate using two different methods.   
Sample ID Replicate Mercury Results (µg/kg) 
    CVAFS   ICP-AES  
  
 
Extraction 
 
Digestion    
Gas 
Condensate 1 25 19 20 
  2 25 24 16 
  3 22 24 28 
  4 20 25 20 
  5 23 27 19 
Average   23 23.8 20.6 
SD   2.12 2.95 4.45 
RSD   9.22 12.39 21.60 
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Table 3.8. Anova: Single Factor of five samples Run by extraction , digestion, 
and ICP-AES 
Groups Count Sum Average Variance     
Extraction 5 115 23 4.5 
 
  
 Digestion  5 119 23.8 8.7 
 
  
ICP-AES  5 103 20.6 19.8 
 
  
ANOVA 
     
  
Source of 
Variation SS df MS F P-value F crit. 
Between 
Groups 27.7 2 13.9 1.2 0.318 3.8 
Within 
Groups 132 12 11 
  
  
Total 159.7 14       
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3.5 CONCLUSION 
 
The evaluation of the analytical method for mercury determination in gas 
condensate was accomplished by comparing two sample preparation 
approaches, digestion and extraction. Digestion approach gave better mercury 
recovery, but suffers from the repeatability particularly at different dates.  
Statistical assessment indicated that the digestion sample preparation technique 
showed significant difference within the same sample population or when 
compared with the extraction approach. Extraction approach show good 
repeatability, but it suffers from the low mercury recovery.  
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CHAPTER 4  
MERCURY SPECIATION  
Mercury may exist in different forms with different chemical and physical 
properties. Each has different characteristics in terms of solubility, volatility, 
toxicity, and reactivity [80].  Knowing various types of mercury chemicals species 
in petroleum and refining products is necessary to understand the potential 
negative impacts on the refinery operation, the designing of suitable materials 
that are resistant to mercury corrosion, or developing the mercury removal 
technologies.  
In this study the mercury speciation in terms of organic, inorganic and free 
metal in gas condensate is very critical to evaluate the sorbent performance. The 
organic mercury speciation is very difficult task to perform due to several factors, 
e.g.; the low mercury level in gas condensate, the nature of the hydrocarbon 
matrix, and the stability of mercury compounds [81]. Therefore, the study focused 
on knowing the overall content of organic, inorganic and free metal in the gas 
condensate.  
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4.1 METHOD USED FOR MERCURY SPECIATION  
The work was carried out using the UOP developed method UOP938–10. This 
method uses the concept of identifying the mercury species as free Hgº, organic 
and inorganic forms; by first removing free mercury through purging the sample 
with helium gas for two hours, and then by adding NaCL solution to separate any 
inorganic mercury.  The mercury content in both organic and aqueous layers was 
determined. The mercury of the whole condensate was also determined to 
calculate the mercury balance. According to this method, the mercury loss during 
the gas purging is mostly free mercury Hgº with some light organic mercury 
compounds such as Hg(CH3)2 if it exists in the sample.  The following equation 
was used to calculate the various mercury forms.  
Free Hg = Total Hg - (inorganic Hg  +  Organic Hg) 
The results indicate that the mercury species distribution in the same sample 
run at different dates, gave different results with a decreasing trend of all the 
mercury species, with a significant decrease in the case of free mercury Figures 
4.1 and 4.2.  To understand this behavior and verify whether the total mercury is 
decreasing with time; one identified gas condensate sample was stored in a cold 
place and monitored at different dates, Figure 4.3. The results clearly indicate that 
the total mercury content decreased with time.   
 One explanation may be due to the fact that most of the mercury in the gas 
condensate exists in volatile species (Hgº or very light organic mercury 
compounds) where the mercury kept escaping from the sample during handling, 
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storing and testing. The second explanation is that the mercury may go under 
interconversion where some mercury forms can be deposited to the wall of the 
containers or evaporated during this process.   
If the first explanation can be true, then the results of the species distribution 
accomplished by using the UOP method should reflect this.  Meaning, all the 
volatile mercury species should be removed by the gas purging process during 
the experiments. The actual results in Figure 4.1 show that the mercury content in 
the organic phase did not change much compared to the Hg lost in the gas 
phase.  It is worth mentioning that the UOP method states that the sample needs 
to be kept in an ice bath during the process of gas purging, and this may have 
some impact on the mercury results.  The physical and chemical properties of gas 
condensate are different from one region to another, depending on the source 
and the geographical locations. This may limit the applicability of this method for 
all types of liquid hydrocarbons, particularly the cooling step.   
Therefore, one sample was divided into two portions, one was run under 
cooling in an ice bath and one without cooling (just taken from the refrigerator) to 
see the impact of the cooling step on the mercury results. Table 4.1 and Figure 
4.4 show the results where about 80% of the mercury was removed during the 
gas purging step when the sample was run without cooling; while only 15% was 
removed when the experiments were run in an ice bath. This gives an indication 
that mercury primarily exists in light organic compounds or in its pure metal form. 
It should be highlighted that the low mercury content, which is expected, in the 
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water layer is due to the fact that most of the ionic forms were already separated 
at the upstream operation.  The gas condensate at the production facility goes 
under process where the gas, liquid hydrocarbon and water are separated and 
most of these inorganic forms, if they exist, stay in the water phase.   
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Figure 4.1 Hg species total content, ppb, distributed in gas, water and 
hydrocarbon layers run at different dates  
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Figure 4.2. Hg percentage distributions in term of organic, inorganic, and free 
metal in gas, water and hydrocarbon layers run at different dates. 
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Figure 4.3. Change of total mercury content in gas condensate with time  
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Table 4.1  Mercury percentage distribution determined with /without cooling  
Hg, % Inorganic Hg Organic Hg  Free Hg 
% distribution ice  30 55 15 
% distribution no ice  6 13 81 
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Figure 4.4.  Hg percent distribution, organic, inorganic and free metal  run at room 
temperature and in ice bath.  
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4.2 METHOD VALIDATION   
To better assist the UOP method, different mercury model compounds 
prepared in gas condensate were run by this method to determine the mercury 
species distributions.  Figure 4.5 shows the results of elemental mercury model 
distribution where the mercury was distributed almost equally in the organic 
layer and gas phase, with a negligible amount in the aqueous layer.   Mercury 
chloride, which is expected to be mostly in the aqueous layer, was distributed by 
about 70% and 30% in the liquid and gas phases, respectively.  This could be 
due to the formation of Hg complexes with some organic compounds. The Hg 
complexes either escaped with light hydrocarbons under the purging process or 
stayed in the organic layer. This is most likely true as it was noticed during the 
HgCl2 model compound preparation step that HgCl2 deposited in the bottom of 
the gas condensate bottle, and with time HgCl2 dissolved completely.  
The methylmercury chloride was distributed as expected in the gas and 
organic layer where about 75% in the organic layer and 25% escaped with gas 
flow.  This also proved that some of the methyl mercury chloride can be lost 
during the gas purging step and could be calculated as free mercury (Hgº) in the 
UOP method.  Heavy mercury compound alkyl dithiocarbamate followed the 
same trend as methyl mercury chloride, where about 80% stayed in the organic 
layer and around 20% escaped with gas flow.   This was not expected as the 
heavy organic mercury compound should stay totally in the organic phase. 
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It seems that the interaction of the mercury metal or its different forms with 
hydrocarbons makes the mercury speciation a very difficult task and therefore 
the need for developing better analytical tools becomes necessary. 
Based on the above results all samples used were brought fresh to 
represent the actual mercury species for better mercury sorbents performance 
evaluation. In addition, the mercury content was determined for every 
experiment to avoid result variations.      
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Figure 4.5. Hg percent distribution of different Hg forms in gas condensate using 
model compounds. 
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4.3 CONCLUSION 
The speciation of mercury in term of organic, inorganic, and free metal was 
accomplished using UOP938-10 “Total Mercury and Mercury Species in Liquid 
Hydrocarbons in gas condensate and some mercury model compounds. The 
study demonstrated that mercury species as organic, inorganic and free metal 
could not be accurately identified due to several factors such as the gas 
condensate chemical and physical properties and compositions, the possibility 
of mercury lost, the chemical and physical interaction between mercury and 
hydrocarbons or interconversion process that may take place. The mercury 
species distribution in the same sample run at different dates, gave different 
results with a decreasing trend of all the mercury species, with a significant 
decrease in the case of free mercury. The model mercury compounds results 
did not reflect the expected mercury distribution in the gas, water and 
hydrocarbon layers indicating that mercury species behave differently when 
mixed with hydrocarbons.  The total mercury content was also decreased with 
time; therefore the discrepancies in mercury results of actual gas condensate 
run at different labs will be seen.   
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CHAPTER 5 
FACTORS AFFECT THE SORBENT PERFORMANCE  
 
 Selected sorbents were used to study various factors that can affect the 
performance of mercury removal from liquid hydrocarbons. These sorbents were 
used for all the experiments to study the impact of contact time, mixing rate, 
sorbent doses, and different mercury species on the sorbents mercury removal 
performance.  The sorbents used are alumina-Ag, CNF-Fe, Zeolite-Ag, CNT, AC-
Ti, CNF, CNT-COOH, FA –Fe and three commercial sorbents, A,B,C. The model 
compound of mercury metal was used to study the impact of contact time, mixing 
rate and sorbent dosage  
5.1 CONTACT TIME EFFECT ON MERCURY REMOVAL 
 
Figures 5.1 and 5.2 demonstrate the effect of shaking time on the sorbent 
mercury removal performance. In Figure 5.1 the samples were run at different 
time intervals at 200 rpm. The mercury removal efficiency increases with time up 
to 40 minutes and the performance seems to keep increasing even after 40 
minutes, therefore the shaking time was increased to 80 minutes to better assist 
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the optimum shaking time period. The results indicate that three sorbents, 
commercial sorbent C, zeolite-Ag and CNF, performed well after 10 minutes 
shaking. All other sorbents reached the maximum mercury removal efficiency 
between 40 and 60 minutes, then the performance began to drop. The exceptions 
were commercial sorbent C, activated carbon impregnated with titanium (AC-Ti) 
and CNF-Fe, which reached to 98.8% 96.6 and 94.7 % receptively. The drop in 
the sorbents performance after 60 minutes was probably due to desorption of 
mercury species or its complexes. That was clearly shown in the case of zeolite 
impregnated with silver where the performance drops after 40 minutes. It seems 
that the mercury in the beginning makes Ag-Hg complex deposited on the zeolite 
surface and then it is desorbed into the liquid hydrocarbon where it is measured 
as total mercury. The other possibility is that some of hydrocarbon compounds 
also compete with mercury species and replace the adsorbed mercury 
compounds.   
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Figure 5.1. Contact time effect on sorbent mercury removal performance up to 40 
minutes.  
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Figure 5.2. Contact time effect on sorbent mercury removal performance up to 80 
minutes.  
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5.2 EFFECT OF MIXING RATE ON MERCURY REMOVAL  
The mixing rate effect was conducted at 100, 200 and 300 rpm for several 
sorbents at 40 minutes contact time using fixed weight of 0.1 g for all except 
for CNFs series where only 0.05 g was used Figure 5.3.  It was observed that 
the mercury removal percentage changed with different mixing rate. Overall 
there is a slight increase in the mercury removal efficiency with most of the 
sorbents tested with increasing the mixing rate from 100 to 300 rpm. Zeolite-
Ag, alumina-Ag and commercial sorbent C gave the maximum removal 
efficiency at 200 rpm and the same performance at 100 and 300 rpm. The 
increase or decreases of the performance most likely is related to the 
sorption/desorption mechanism that take place between the mercury species 
and the active components of these sorbents. There are several factors 
affecting the sorption/desorption process such as the type of impregnated 
components on the support material, the surface area, the sorbent chemical 
structure and the composition of liquid hydrocarbons.  For example carbon 
nanofibers (CNF) showed no significant change in the mercury removal 
percentage at 200 rpm and 300 rpm, while zeolite-Ag mercury removal 
percentage increased from around 45% at 100 rpm to about 60% at 200 rpm 
then dropped to 55% at 300 rpm.  Overall, the mixing rate at 200 rpm seems 
to give better mercury removal for most of the tested sorbents.   
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Figure 5.3. The effect of mixing rate on the mercury removal efficiency  
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5.3 DOSAGE EFFECT ON MERCURY  REMOVAL    
The mercury percentage removal is not always a good indicator of the sorbent 
performance. The ability to remove a high amount of mercury by using a small 
amount of absorbent material is the preferred option. Therefore, in addition to the 
mercury percentage removal, the adsorbent capacity (qe) is employed to assist 
the sorbent performance [83]. The mercury removal percentage is good to 
indicate how much mercury can be removed while adsorbent capacity gives the 
amount of needed sorbent, which is a good indication of its lifetime performance. 
The sorbent quantity and lifetime are critical for industrial applications in term of 
the cost and operation flexibility. The two performance indices were employed 
using the following equations: 
% Hg removal = 
       
  
 x 100       (1) 
Adsorption Capacity, q (mg/g) = 
        
  
    (2) 
 
Ci= Hg Initial concentration 
Cf = Hg final concentration  
V = volume of the gas condensate (L) 
Ws = weight of adsorbent (g) 
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Several sorbents were tested to evaluate the sorbent dosage effect on 
mercury removal. These sorbents were run at 40 minutes contact time and 200 
rpm; there is a slight improvement of mercury removal with increasing the sorbent 
weights Figure 5.4.  The increase of the sorbent weight from 0.01g to 0.08g gave 
an average removal mercury percentage for all sorbents by around 4% 
improvement. Some sorbents provided a pronounced increase while others did 
not show any significant improvement.  Figure 5.5 compare the adsorbent 
capacity of these sorbents which follow a similar trend where increasing the 
sorbent weight did not provided better mercury removal. The data provided by 
this experiment, which was carried out in a batch setup, showed that the dosage 
effect has a minimum impact on mercury removal.  The increase in the sorbent 
dosage may block part of the accessible sites of the sorbents causing less 
interaction between mercury and sorbent active sites. In fact, if the sorbents are 
designed in a bed containing different layers where the hydrocarbon can flow 
through, this will have better mercury removal efficiency.         
One more experiment was run to evaluate the dosage effect on removing 
mercury.  The results in Figure 5.6 indicate that the mercury removal percentage 
give linear relationship with increasing the sorbent weight. The overall mercury 
removal increased by 11% only when the sorbent weight increased by a factor of 
20 (from 0.01 g to 0.2 g).  Using the adsorbent capacity index, the amount of 
mercury removed by sorbent weight of 0.01 g and 0.2 g were 0.028 mg/g and 
0.00168 mg/g respectively Table 5.1.  This also confirms the previous experiment 
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that the increase of the sorbent weight did not provided much improvement in 
removing mercury at batch setup scale.   
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   Figure 5.4. The effect of different dosages on mercury removal 
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Figure 5.5. The Adsorbent capacity of different sorbents. 
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Figure 5.6. Hg removal percentage and adsorbent capacity of  AC-Fe sorbent  
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Table 5.1. Different dosage with corresponding Hg removed, % and qe  
Dosage, g Hg removed, ppb Hg removed,  % qe 
0.01 56 60 0.028 
0.05 59 63 0.0059 
0.100 62 66 0.0031 
0.200 67 71 0.001675 
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5.4 SORBENTS DOSAGE  EFFECT ON MERCURY  REMOVAL AT 
DIFFERENT TIMES AND FIXED MIXING RATE   
Comparison of using various sorbent weights at two different times, 10 and 40 
minutes and fixed mixing rate at 200 rpm is shown in Figure 5.7.  Over all there is 
a small increase in the mercury removal percentage of all tested sorbents run at 
fixed time, but the increase is not significant. This indicates that the increase in 
sorbent dose at fixed mixing rate (rpm) and fixed time has minimum impact on the 
mercury removal efficiency.  On the other hand, the effect of some sorbent dose 
was observed to be significant at longer contact times at a fixed mixing rate of 
200 rpm.  
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Figure 5.7.  Mercury removal percentage of different sorbent doses at 10 and 40 
minutes and fixed 200 rpm. 
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5.5 EFFECT OF SORBENT DOSES ON MERCURY REMOVAL AT  
DIFFERENT MIXING RATES AND FIXED CONTACT TIME   
 
The effect of increasing sorbent weight at two different mixing rates 100 and 
200 rpm and at fixed contact time of 40 minutes was evaluated. The overall 
results showed that the increase on the sorbent weight has minimal influence on 
the sorbent performance at fixed time and fixed mixing rate Figure 5.8.  There is 
some improvement in mercury removal at a higher mixing rate. Overall, from this 
experiment and the previous ones, it can be concluded that the major factors that 
contribute to mercury removal efficiency are the mixing rate and contact time. The 
dosage has minimal impact on the mercury removal efficiency in the batch scale 
experiment.       
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Figure 5.8. Mercury removal percentage of different dosages at 100 and 200 rpm 
and fixed time of 40 minutes. 
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The findings of this study will help evaluate the commercial sorbents using 
very simple lab batch setup.  The sorbent performance can be ranked according 
to their ability of removing different mercury species under different condition 
such as contact time, mixing rate, and sorbent dosage. These factors will 
definitely help to make better assessment of selecting the appropriate sorbent for 
certain applications. Typically, the selection of the appropriate sorbent for 
industrial application is very challenging task and requires more experimental 
and pilot plant studies. Usually,  the capacity and performance of a sorbent is 
evaluated using continuous flow of gas or liquid containing mercury over a bed of 
the sorbent for some time and monitoring the mercury content until it reach to the 
point where 100 percent break through achieved [84-86].    
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5.6 CONCLUSION 
 
The study provided very fast and simple method to screen and evaluate the 
performance of commercial or new developed sorbents for mercury removal from 
liquid hydrocarbons using simple and fast lab screening methodology. The 
contact time and mixing rate were found to be the most critical factors that can 
help rank sorbents efficiencies. Using different mercury model compounds gave 
an additional important dimension to better assist the sorbent efficiency in 
removing mercury species. The data generated from this simple approach 
indicated that the comparison of various commercial or developed sorbents for 
actual field applications can be easily achieved. Sorbent doses which is also 
important, but not that significant on the lab scale experiment and can be 
replaced by the sorbent capacity (qe) which is an excellent indication of sorbent 
lifetime.  
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CHAPTER 6 
SORBENTS PERFORMANCE USING MODEL COMPOUNDS  
6.1 MERCURY MODEL COMPOUNDS 
To evaluate the sorbents’ performance of removing different species of 
mercury, four model compounds and some selected sorbents were used for this 
purpose. The model compounds used were mercury metal, mercury chloride, 
mercury alkyldithiocarbamate, and methylmercury chloride, to represent the 
various mercury species that may exist in the liquid hydrocarbon. Table 6.1 
presents some of the physical properties of the gas condensate that was used to 
prepare the model compounds.  Table 6.2 shows the mercury compound with 
their theoretical calculated mercury content and measured values concentration.  
The sample that was prepared using pure metal and HgCl2 had very low 
solubility in gas condensate; where the measured soluble concentrations were 
always much lower than the expected calculated ones. This was not an issue for 
this study as the mercury content was always determined before and after each 
96 
 
 
experiments to avoid any measurement variations from mercury loss, by the 
deposition or sample evaporation, temperature variations, etc. Table 6.3 shows 
the solubility in water of different mercury species and Table 6.4 shows the 
solubility of mercury metal in different hydrocarbon solvents [87,88]. The same 
sorbents were studied for all prepared models compounds to consistently 
compare the effect of various mercury forms on the sorbents performance.  
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Table 6.1  Gas condensate properties    
Gravity, °API 53.9 
Sediment , Vol % 0.025 
Sulfur, Total Weight % 0.04 
Reid Vapor Pressure, psi 9 
Hydrogen Sulfide, ppm ND 
Pour Point, (Upper),°F -5 
Salt, Lbs. NaCl/1000 BBL (PTB) 2 
Ash, ppm 95 
Microcarbon Residue,  wt% NIL 
Nickel, ppm <1 
Nitrogen, ppm 4 
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Table 6.2  Mercury content in different model compounds   
Mercury Species  
Hg, ppb 
Calculated  Measured  
Methyl HgCl 222 226 
Hg AlkylDithiocarbamate 201 207 
Hg metal  66836 14323 
HgCl2 13712 730 
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      Table 6.3  Solubility of different mercury species in water  
Mercury Species Solubility, g/l 
Hg0 5.6 × 10-5 at 25°C 
HgCl2 69 at 20°C 
Hg2Cl2 2.0 × 10
-3 at 25°C 
CH3HgCl 0.100 at 21°C 
C2H6Hg 1 at 21°C 
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       Table 6.4  Solubility of mercury in different solvents  
Solvents  Solubility of Mercury, g/L 
Water  5.62x10-4 
Isopropylether 9.63x10-3 
n-Hexane 1.26x10-2 
Cyclohexane  2.43x10-2 
Benzene 2.41x10-2 
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6.2 REMOVING HgCl2 USING DIFFERENT SORBENTS  
The mercury removal percentage as Hg (II) from the model compounds 
using different sorbents ranged from about 6% to around 99.6% Figure 6.1. The 
commercial sorbent B gave the highest mercury removal performance. Some 
prepared sorbents did not show satisfactory performance removal of Hg (II). This 
is probably due to fact that Hg (II) has less reactivity to form any type of physical 
or chemical interactions with these sorbents where the commercial sorbents may 
have some material designed to make stronger physical or chemical binding to 
mercury (II).   
The sulfur/carbon nanotube (SC) composite material designed by 
impregnating elemental sulfur into carbon nanotubes at different temperatures 
showed low mercury removal results. The mercury content in this model 
compound was considered to be 3-4 times higher than its content in a typical gas 
condensate.  The carbon nanotube or carbon nanofibers have been widely used 
to remove heavy metals from aqueous media. The published work indicated that  
the ability of CNTs and CNFs of removing heavy metals depends mainly on their 
physical properties and not on the ions size of the heavy metals. In addition, the 
CNTs were found to have a strong tendency to adsorb organic compounds [88]. 
Therefore, the low efficiency of CNT and CNF and their modified forms may be 
attributed to the adsorption competition between organic compounds and mercury 
(II).  The Zeolite and Alumina with impregnated silver also showed low efficiency 
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and this may be due to the low physical attraction between these material and 
Hg(II) Figure 6.1.  
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Figure 6.1. Various sorbents performance in removing Hg(II)  
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6.3 REMOVING METHYLMERCURY CHLORIDE USING DIFFERENT 
SORBENTS  
All the sorbents did not perform well for removing Hg as methyl-Hg-Cl 
(MeHgCl) where the highest mercury recovery was around 45%, Figure 6.2.  The 
MeHgCl seems to be very stable and thus lead to a low physical interaction with 
the sorbents material. Some of these sorbents performed better than others such 
as commercial material A, B and C.  Also CNF-Fe, CNF-AL show a better ability 
of removing methyl mercury chloride than Hg(II).   
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Figure 6.2. Various sorbents performance of removing CH3HgCl  
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6.4 REMOVING MERCURY ALKYLDITHIOCARBAMATE USING DIFFERENT 
SORBENTS  
Mercury alkyldithiocarbamate is used generally as a chemical standard for 
total mercury determination techniques due to its stability. This was used to 
represent some large mercury compounds that may exit in typical crude oil or gas 
condensate, such as biphenyl mercury. All the sorbents gave very low removal 
efficiencies below 30% except for sorbent C, which was around 75% mercury 
removal Figure 6.3.   
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Figure 6.3. Various sorbents to remove Hg- alkyldithiocarbamate  
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6.5 REMOVING MERCURY METAL USING DIFFERENT SORBENTS  
All sorbents performed well in removing mercury metal from gas 
condensate.  Some gave high levels such as commercial sorbent C and  
CNT-Ag. In case of CNT-Ag, this is expected as it well known that Hg can 
form a strong amalgamation with Ag. Commercial sorbents were initially 
developed to address the removal of Hg metal from gas or light liquid 
hydrocarbons using some reactive components. The Hg removal percentage 
in Figure 6.4 did not reflect the actual performance of these sorbents due to 
the fact that the mercury content is already very high and the active 
components in these sorbents may vary from one to another. In addition, the 
surface area of these materials has a great influence on mercury removal.  
To reflect the actual picture of the performance of these sorbents, the 
mercury concentrations, including both values removed and not removed 
were used to assist the sorbent performance, Figure 6.5. The mercury 
content in this model compound is considered to be too high compared with 
typical values that exist in gas condensate.  
 The mercury content measured in this experiment was found to be 3199 
ppb. The model compound sample was not shaken for this experiment, to 
avoid getting high Hg concentration as most of the mercury metal 
precipitated.  The mercury removed by these sorbents ranged from about 
730-3050 ppb with the highest value demonstrated by the commercial 
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sorbent C. Therefore, all these sorbents will perform well with samples that 
include low levels of mercury metal content.   
 The efficiency of mercury removal sorbents will depend mainly on the type 
of Hg species exist in the sample as demonstrated by the model compounds 
experiments. Therefore, the mercury speciation in liquid hydrocarbon is critical 
for the development of the appropriate sorbents for mercury removal. Figures 
6.4 and 6.5 are two examples that demonstrate this fact. In Figure 6.4 the 
carbon nanotube modified with iron gave mercury removal efficiency in the 
following order MeHgCl> Hg metal > Hg alkyldithiocarbamate > HgCl2.  
The commercial sorbent A and the prepared carbon nanotube impregnated 
with silver show close results of removing mercury in the form of MeHgCl, and Hg 
alkyldithiocarbamate with a slight advantage shown by sorbent A. Sorbent A gave 
almost twice the efficiency of CNT-Ag of removing mercury in the form of HgCl2, 
and CNT-Ag gave almost three times the efficiency of sorbent A in removing 
mercury metal.    
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Figure 6.4. Various sorbents to remove Hg metal  
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Figure 6.5. Removed and remaining Hg metal content using various sorbents 
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Figure 6.6. Hg percentage removal from different Hg species model compounds using 
carbon nanotubes impregnated with Fe  
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Figure 6.7. Comparison of Hg percentage removal of different Hg species in model     
compounds using carbon nanotube silver and commercial sorbent A 
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6.6 CONCLUSION   
The sorbents performance of removing mercury from liquid hydrocarbons 
can be evaluated using the different forms of mercury.  The study showed that 
some sorbents are very effective in removing mercury metal and mercury (II) 
while others showed low performance in removing other organic mercury 
compounds. The mercury speciation in liquid hydrocarbon seems to be very 
challenging task due to several factors such as the gas condensate chemical 
and physical properties and compositions, the possibility of mercury lost, the 
chemical and physical interaction between mercury and hydrocarbons or 
interconversion process that may take place. Therefore, the use of mercury 
model containing different forms of mercury will be of a great help during the 
sorbents development and performance evaluation.     
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CHAPTER 7 
EVALUATION OF SORBENTS PERFORMANCE 
Various sorbents material was prepared in addition to some available material, 
Table 7.1.  These sorbents were tested for their ability of removing mercury from 
actual gas condensate and from prepared model compounds that contains 
different mercury forms. Gas condensate samples were collected as needed for 
all experiments, to avoid losing some of the mercury content or types, as seen in 
the mercury speciation study.  All parameters and conditions were fixed, e.g., gas 
condensate sample source and volume, shaking time, mixing rate, and the 
sorbents weights — except for carbon nanofibers series where different weights 
were taken due to the low density of these materials.   
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Table 7.1  Various  Sorbent Types used   
Sorbents Types   
Activated Carbon (AC)  Series  Flay Ash series (FA) 
AC FA 
AC-Cu FA-COOH  
AC-Fe FA-Cu 
AC-Al FA-Al 
AC-Ti FA-Ti 
AC-Ag FA-Ag 
AC-COOH FA-Fe 
Carbon nanotubes (CNF) series  Carbon nanotubes (CNT) series 
CNF CNT-Ti 
CNF-Ag CNT 
CNF-Al CNT-Ag 
CNF-Cu CNT-Cu 
CNF-Fe CNT-Al 
CNF-COOH  CNT-COOH   
  CNT-Fe 
Alumina series Zeolite series 
Alumina Zeolite 
Alumina +KI Zeolite+Ki 
Alumina+ Ag Zeolite+Ag 
Commercial Sorbents   
A  
B  
C  
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7.1 FLY ASH (FA) AND ITS MODIFIED FORMS 
Fly ash and its modified forms using Fe, Ti, Al, Cu, Ag carboxylic and 
hydroxyl groups showed good performance of removing mercury from gas 
condensate Figure 7.1. These modified sorbents were ranked according to 
their performance of removing mercury, indicating that the fly ash 
impregnated with iron gave higher mercury removal percentage where fly ash 
without functionalization gave the lowest removal percentage. The fly ash 
material used in this experiment is the product from burning crude or fuel oil in 
some of the local power plants. Typical material is composed of different 
components such as silica, alumina, iron oxide, and calcium, with varying 
amounts of carbon, depending on the type and source of crude or fuel oil 
used as fuel in the power plants [89]. Figure 7.2 and 7.3 shows the ESEM and 
EDS showing the major elements that exist in flay ash material used in this 
study  
Historically, this material has been used in different applications such as: 
an adsorbent for mercury removal from gas flues, or blending the fly ash with 
other material such as concrete or asphalt [89].  
Although the fly ash includes some metals, they are not reactive to make 
strong interaction with mercury species in the liquid hydrocarbons. This could 
be attributed to the formation of stable metal compounds with low tendencies 
to form any complexation with mercury species. The results show that the 
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performance of different modified fly ash forms increased in the following 
order FA>FA-COOH>Fe-Cu>FA-Al>FA-Ti>FA-Ag>FA-Fe. Since the media 
used is liquid hydrocarbon, there will be always competition by other 
hydrocarbon components that may have higher adsorbent affinity to fly ash 
surface than mercury species, and thus may reduce the performance of fly 
ash in removing mercury. The advantages of using fly ash as a sorbent for 
mercury removal in liquid hydrocarbon include:  the availability of such 
material with no cost, as it is a waste product with high service area and 
easily modified with other material.  The low density and fine powder particles 
are disadvantageous for use in liquid hydrocarbon where the particles tend to 
dissolve and stay in the hydrocarbon phase, which may require a special 
design to handle and remove it from the liquid hydrocarbon streams.  
 
 
 
 
 
 
 
119 
 
 
 
 
Figure 7.1. Hg removal% with different fly ash and its modified forms.  
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Figure 7.2. ESEM of fly ash  
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  Figure 7.3. EDX of fly ash   
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7.2 CARBON NANOTUBE (CNTs) AND ITS MODIFIED FORMS 
The CNT and its functionalized forms provided excellent mercury removal 
ranging from 50 to 92%. CNT without any functionalizing was able to remove 
mercury by as much as 73%, Figure 7.4. The efficiency of removing mercury 
from liquid hydrocarbon increased in this order: CNT-TiCNT≈CNT-
AgCNT-CUCNT-AlCNT-COOHCNT-Fe.  Previous work conducted on 
removing mercury (II) from aqueous solution using CNT indicated that there is 
high affinity between the CNT surface and Hg (II). This is probably applicable 
to mercury in the liquid hydrocarbon; however the CNT has also strong affinity 
to hydrocarbon compounds [57, 94].  This will create some competition 
between mercury and other hydrocarbon compounds to make strong 
adsorption with CNT or its modified forms surface.  The CNTs modified with 
Fe (III) show high efficiency in removing mercury from actual gas condensate. 
CNTs functionalized with COOH group show excellent mercury removal 
efficiency indicating that in addition to the adsorption phenomena, there is 
complexation process taking place between COOH group and mercury 
species.       
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 Figure 7.4. Hg removal %  using CNT and its different modified forms  
 
 
 
 
 
50 
73 73 
83 
87 88 
92 
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
CNT-Ti CNT CNT-Ag CNT-Cu CNT-Al CNT-CCOH CNT-Fe
Hg removal 
% 
124 
 
 
7.3 CARBON NANOFIBER (CNF) AND ITS MODIFIED FORMS 
Carbon nanofiber series has demonstrated good performance in removing 
mercury from gas condensate, Figure 7.5. Due to the low density of some of 
the CNFs series, less and varied weights were taken for this experiment and 
therefore the mercury removal percentage is not a good indication to compare 
the performance of this series.  
The adsorption capacity in Figure 7.6 shows that the CNF-Fe has the 
highest mercury capacity to remove mercury followed by CNF.  The graph in 
Figure 7.7 compares the mercury removal performance of both series of CNT 
and CNF using the adsorption capacity equation. The findings indicate that 
the CNF series resulted in a better performance than the CNT series. The 
larger diameters of CNF provide high service area, which consequently could 
influence the mercury removal performance. Generally, the difference 
between the carbon nanotubes and carbon nanofibers is related to their 
chemical structure. The CNT is made from graphene layers that rolled in a 
cylindrical shape with a plane parallel to the fiber axis, with typical tube 
diameter ranging from 10-50 nm.  The CNF is made of graphene that rolled 
up in a form perpendicular to the fiber axis with a larger diameter ranging from 
50-200 nanometers [90]. The Figure 7.8 shows an example of CNT-Fe and 
CNF-Fe ESEM images for comparison. 
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Figure 7.5. Mercury removal percentage using CNF and its modified forms  
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Figure 7.6. The adsorption capacity of CNFs and its modified forms   
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Figure 7.7. The adsorption capacity of CNFs and CNTs and their modified 
forms  
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Figure 7.8. ESM images (a) CNF-Fe  (b) CNT-Fe at 2500x 
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7.4 ACTIVATED  CARBON (AC) AND ITS MODIFIED FORMS 
The activated carbon impregnated with Cu, Fe, Ag, Al, Ti ions were 
evaluated for removing mercury from gas condensate. The results in Figure 
7.9 show that all AC with different metals performed well and gave close 
results, except for the copper ion, which may be related to the interaction 
between the Cu and the AC material or with mercury species. Activated 
carbon alone or impregnated with other elements such as  potassium  iodide 
or sulfur-metal are commonly  used  to remove mercury from petroleum or 
coal fired power plant gas emission, or from natural gas processing, medical 
incinerators, etc.[91-95]. 
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Figure 7.9. Hg removal% using AC and its modified forms 
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7.5 ALUMINA AND ITS MODIFIED FORMS 
Alumina alone or impregnated with KI and Ag gave good performance of 
mercury removal Figure 7.10. The alumina without any modification performed 
better than the ones impregnated with KI and Ag, indicating that the alumina 
surface has better active sites to adsorb mercury species in gas condensate. The 
gas condensate sample as demonstrated by the mercury speciation study 
chapter 4, seems to have mostly mercury metal and organic Hg species. The 
silver is well known to make strong amalgamation with mercury; however it has 
less interaction with organic species, as was observed on the model compounds 
study.  The alumina seems to have a strong physical adsorption of Hg organic 
species in addition to the mercury metal. The other reason that alumina 
impregnated with KI and Ag may make strong chemical and physical adsorption 
with Hg species, however the formed complexes might undergo a desorption 
process. These Hg complexes leave the support material and stay in the liquid 
hydrocarbon phase where they are included in the total mercury measurements.  
Alumina is basically Al2O3 where it used in many industrial applications. It 
is worth mentioning that the Al2O3 is a product formed by reacting mercury with 
aluminum of the heat exchangers tubes at the natural gas processing plants. In 
fact the reason for developing mercury sorbent material is to protect these heat 
exchangers [2]. Aluminum amalgamates first with mercury and then reacts in the 
presence of moister under oxidation reduction process releasing the mercury 
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metal again to the stream. This process causes loss of the heat and eventually 
damages the tubes. The reaction is described below [1]    
Hg + Al  Hg-Al amalgam 
2Hg-Al + 6H2O  Al2O3.3H2O + 3H2 + 2Hg 
Therefore, according to the above reaction the mercury keeps 
regenerating and continues its reaction cycle. It will also transfer during this 
process with the flow stream and eventually will end up in the product.  
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Figure 7.10. Hg removal % using Alumina and its modified forms 
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7.6 ZEOLITE AND ITS MODIFIED FORMS 
 Zeolite impregnated with silver ion performed much better than the neat 
zeolite or impregnated with KI, Figure 7.11.  Zeolite is basically mixture of silica 
and alumina (SiO2/Al2O3) prepared at different ratios according to their 
applications. Zeolite series did not perform well compared to alumina series. The 
mercury removal efficiency seems to be mainly affected by the alumina part of the 
zeolite. This can be seen in Figure 7.12, which compared the mercury removal 
efficiency of the two sorbents series.  The alumina gave around 88% mercury 
removal where the zeolite provided only about 66%.  The alumina and zeolite 
impregnated with silver have very close mercury removal efficiency and gave 
mercury close to 80% mercury removal. The alumina and zeolite impregnated 
with KI gave around 67% and 58% mercury removal respectively. In general 
alumina and zeolites seems to provide good mercury removal and therefore they 
should be tried at larger scale to evaluate their actual performance.  
 
 
 
 
 
 
 
135 
 
 
 
 
 
Figure 7.11. Hg removal % using zeolite and its modified forms 
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Figure 7.12  Comparison of Hg removal % of Zeolite and Alumina and their 
modified forms.  
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7.7 CONCLUSION  
Several novel sorbents were developed utilizing carbon nanotubes and 
nanofibers (CNTs, CNFs), activated carbon, (AC) flay ash (FA), alumina, zeolite 
and their modified forms by certain active components.  These   sorbents were 
tested for mercury removal from gas condensate and some prepared model 
compounds. The results indicate that most of the prepared sorbents showed very 
good performance in removing mercury from gas condensate where sorbents 
modified by iron showed the highest mercury removal. The mercury species play 
a key role in the sorbents performance, where mercury metal in the model 
compound was removed more easily than other mercury species. Some of the 
prepared sorbents performance exceeded the ones of commercial sorbents.  
 
7.8 FUTURE WORK  
The sorbents will be scaled up for field applications to remove mercury from 
whole gas condensate at the upstream production conditions. This new 
innovative approach may lead to successful technologies that capable of 
removing mercury from the upstream and thus avoid all issues related to mercury 
at the downstream operation.   
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CHAPTER 8 
REMOVING MERCURY USING ELEMENTAL SULFUR IMPREGNATED ON  
CARBON NANOTUBES 
8.1  EVALUATION OF SORBENT PERFORMANCE  
New materials based on impregnating elemental sulfur on multiwall carbon 
nanotubes, were prepared at different temperatures, and tested for their ability to 
remove mercury from gas condensate and mercury model compounds.  This 
approach was based on the utilization of sulfur affinity toward mercury species 
particularly the elemental mercury. The conventional way of impregnating sulfur 
physically on the support material has some limitations.  Sulfur can be easily 
dissolved in liquid hydrocarbon, leading to becoming a major contamination of 
the hydrocarbon streams and creating problems in the downstream process. The 
sulfur reacts with mercury species forming different complexes that can be 
desorbed from the support material and transferred to the liquid hydrocarbon 
streams, resulting in poor sorbent mercury efficiency removal. Therefore, this 
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study explored the possibility of reacting elemental sulfur with carbon nanotubes 
chemically to form a stable sulfur–mercury complex.  Table 8.1 shows a list of 
materials prepared at different temperatures, which were tested first to see their 
ability to remove mercury from actual gas condensate, Figure 8.1. The mercury 
removal percentage ranged from about 11% to around 64%. The adsorbent 
capacity (qe) was used to compare their performances since different weights 
were used, Figure 8.2. The sulfur impregnated carbon nanotubes prepared at 
500 °C gave the highest mercury removal, followed by the one prepared at 400 
ºC.  
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Table 8.1. The sulfur/carbon nanotubes (SC) prepared at different temperatures  
 
Sulfur Carbon 
Nanotubes  
Temperature Used 
SC100  100 °C 
SC200 200 °C 
SC 300  300 °C 
SC400  400 °C 
SC500 500 °C 
SC900 900 °C 
SC1000 1000 °C 
SC1100 1100 °C 
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Figure 8.1  Mercury removal % of SC prepared at different temperatures  
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Three sulfur-carbon nanotubes prepared at 100, 500 and 1000 ºC were 
further evaluated, to determine their capabilities of removing different mercury 
species using mercury model compounds, Figure 8.3.  The mercury removal 
increased with increasing the temperature used for sorbent preparation.  This 
probably is due to the fact that the sulfur was homogeneously well distributed on 
the carbon nanotube surface at high temperature, as demonstrated in ESEM, 
Figures 8.4-8.6.  In addition to the physical adsorbent at higher temperatures, 
there is a possibility of carbon sulfur bonding formation, which could improve the 
mercury removal efficiency.  At 1100 ºC, the sulfur distribution shows very 
interesting patterns, indicating that there is some sort of systematic/symmetric 
distribution, Figure 8.4.  At low temperatures there is no similar sulfur distribution 
pattern on the surface of the carbon nanotubes Figures 8.5, 8.6.     
The ability of these sorbents to remove different mercury species are almost 
in the following trends: Hgº > HgCl2 > mercury alkyldithiocarbamate (alkyl-Hg-
TCM)> MeHgCl, which indicate that the mercury species have a great influence 
in the sorbent removal efficiency. 
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Figure 8.2. Adsorbent capacity of SC material prepared at different 
temperatures  
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Figure 8.3. Removal % of different mercury species using SC prepared at 
100, 500 and 1000 ºC   
 
 
 
 
 
 
0.0
5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
45.0
SC-100
SC-500
SC-1000
Hg removal % 
MeHgCl Alkyl-Hg-TCM HgCl2 Hg metal
145 
 
 
 
 
 
 
 
 
Figure 8.4  ESEM image of sulfur-carbon nanotubes prepared at 1100 ºC  
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Figure 8.5  ESEM image of sulfur-carbon nanotube prepared at 400 ºC  
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Figure 8.6  ESEM image of sulfur-carbon nanotube prepared at 100 ºC  
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Based on the above interesting results two more samples (CNT-S2 and 
CNT-S3) were prepared at 700 ºC using different reaction times, two hours and 
three hours, and adding about 5% elemental sulfur. The results in Figure 8.7 
indicate that these absorbers prepared at two and three hours made similar 
trends in removing various mercury species. Mercury removal efficiency of 
samples prepared at two hours and three hours, ranges from 28 to 84% and 
from about 27 to 78% respectively.  The highest removal efficiency was 
observed using the one prepared at 2 hours, where Hg metal was about 84%. 
The prepared materials (CNT-S2 and CNT-S3) were compared with other 
sorbents in removing mercury metal, Figure 8.8. The results demonstrated that 
the sulfur impregnated on carbon nanotubes provided better mercury removal 
performance. CNT-S2 and CNT-S3 exceeded even the elemental sulfur in 
removing mercury metal. This is probably due to the good distribution of 
elemental sulfur over a high surface area provided by the carbon nanotubes.  
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Figurer 8.7. Removing different mercury species using CNT-S2 and CNT-S3 
prepared at two and three hours  
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Figure 8.8. Comparison of different sorbents efficiencies of removing Hg metal  
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8.2 CHARACTERIZATION OF CNT-S2 AND CNT-S3  
 
The idea of reacting sulfur with carbon nanotubes was triggered by 
employing the high reactivity of elemental sulfur with mercury species, particularly 
elemental mercury. Just impregnating the sulfur on the carbon nanotube 
physically for liquid hydrocarbon applications will not help much, as the sulfur will 
probably be leaching with time, resulting in product contamination. A literature 
survey indicated that there were few publications addressing the sulfur 
impregnated process on carbon nanotubes, for the development of composite 
cathode for lithium/ sulfur batteries [96-99].  
This work addressed the need of making sulfur-carbon nanotube chemical 
bonding to eliminate any migration of sulfur to the hydrocarbon streams and also 
to make very stable mercury/sulfur complexes.  The results of using such a 
concept were very promising as indicated earlier and therefore the following 
sections will address the characterization of these composites. 
      The carbon nanotube and sulfur/carbon nanotube prepared at 700 ºC and 
two and three hours reaction time were subjected to XRD evaluation, Figures 8.9-
8.11, these samples were labeled as CNT-S2 and CNT-S3.  Figure 8.9 shows 
XRD carbon nanotubes spectra, which are typical of CNT spectra.  Figure 8.10 
shows XRD spectra of the product after three hours reaction time which resulted 
in the formation of carbon sulfur chemical bonding. Some NiS2 was also detected 
and this most probably due to some contamination taking place during the CNT 
preparation.  XRD spectra of the sample prepared at three hours consists of 
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carbon nanotubes and carbon disulfide (CS2), and did not show any evidence of 
an elemental sulfur peak, indicating that most of the elemental sulfur was 
consumed.  
Figure 8.11 is the XRD spectra of the sample prepared at two hours 
indicates that there is no formation of carbon sulfur bond CS2. The sample 
consists mainly of elemental sulfur (S8) with carbon nanotubes, in which the 
peaks of elemental sulfur are very strong. There was no evidence of any NiS 
peak in the sample prepared at two hours, which is a very interesting observation. 
It seems that the Nickel acts as a catalyst, helping the chemical bond formation 
between the elemental sulfur carbon nanotubes. Also seems that the NiS 
formation has great influence in removing mercury. High temperatures may result 
in the deformation or damaging of the CNTs however, the purpose of such 
combination of elemental sulfur and CNTs  is the performance of resulted sorbent 
to remove mercury. Such observations require more technical investigation, 
which will not be addressed in this study.    
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     Figure 8.9  XRD for carbon nanotubes 
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Figure  8.10  XRD  Spectra of CNT-S3 prepared at 3 hours. 
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Figure 8.11  XRD of CNT-S2 prepared at two hours.  
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Figure 8.12  ESEM image of sulfur-carbon nanotube prepared at 2 hours 
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Figure 8.13   ESEM image of sulfur-carbon nanotube prepared at 3 hours 
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Figure 8.14  ESEM of CNT-S3 prepared at three hours 
 
 
 
 
 
 
159 
 
 
8.3 CONCLUSION  
The combination of elemental sulfur and CNT was explored to develop new 
sorbent utilizing the high reactivity of elemental sulfur with mercury species, 
particularly elemental mercury. The results are very promising and these sorbents 
can be used for mercury removal.  The findings also indicated that under certain 
condition there are a possibility chemical bond formed between the sulfur and 
CNT and this was explored and tested for mercury removal. Making such 
sorbents based on chemical bonds not only on physical interaction is considered 
to be a new innovative approach to remove mercury from liquid hydrocarbon due 
to the high stability.  Such sorbents can be used to remove mercury from water, 
gas and liquid hydrocarbons. However, requires more investigation to assist this 
approach and characterize the formation of the sulfur –CNT chemical bond 
formation.   
8.4 FUTURE WORK  
The preparation method of impregnating elemental sulfur with CNTs, CNFs 
and activated carbon will be deep evaluated. The chemical reaction that took 
place between the CNT and elemental sulfur will be also investigated in more 
details.  The sorbent will be evaluated for removing mercury from water, gas and 
liquid hydrocarbons. 
 
 
  
 
 
 
 
 
APPENDIX  I 
 
ESEM AND EDX 
OF SORBENTS  
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 ESEM and EDX of Activated Carbon with Copper    
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ESEM and EDX of Activated Carbon with Iron  
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ESEM and EDX of Activated Carbon with Al 
 
 
163 
 
 ESEM and EDX of Activated carbon with Titanium  
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ESEM and EDX of Activated  Carbon with Silver  
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ESEM and EDX of Fly Ash 
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ESEM and EDX of Fly Ash with Titanium  
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ESEM of Carbon Nanofibers   
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ESEM and EDX of Carbon Nanofibers with Fe 
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ESEM of Carbon Nanofibers with Al  
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ESEM of Carbon Nanofibers with Al  
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ESEM and EDX of Carbon nanotubes / carboxylic groups (CNT-COOH) 
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ESEM of Carbon nanotubes with Titanium  
 
 
173 
 
ESEM and EDX of Carbon Nanotubes with Ag 
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ESEM and EDX of Alumina with KI 
 
 
175 
 
ESEM and EDX of Alumina  
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ESEM and EDX of Alumina with Ag 
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ESEM of Zeolite with KI  
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ESEM of Zeolite with Ag 
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Carbon nanotube with Elemental Sulfur Prepared at 400 °C 
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Carbon nanotube with Sulfur Prepared at 100 °C 
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Carbon nanotube with Elemental Sulfur Prepared at 100 °C 
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Carbon nanotube with Sulfur Prepared at 400 °C 
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EDX of Carbon Nanotube with Elemental Sulfur Prepared at 100 °C 
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ESEM of Carbon nanotube with Sulfur Prepared at 1100 °C 
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ESEM and EDX of Carbon nanotube with Sulfur Prepared at 1100 °C 
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ESEM of Alumina with Ag  
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ESEM of Alumina with Ag  
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Carbon nanotube with Elemental Sulfur prepared 700 °C (CNT-S3) 
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Carbon nanotube with Sulfur prepared at 700 °C 
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ESEM and EDX of Carbon Nanotube with Elemental Sulfur (CNTS3) prepared at 700 °C            
and 3 hrs 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
APPENDIX II 
 
 
TEM and EDX for CNFs and 
CNTs With Fe and Ti 
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TEM and EDX  of  CNT  
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TEM and EDX  of CNT-Fe 
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TEM and EDX  of CNT-Fe   
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TEM and EDX  of CNF-Fe  
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TEM and EDX of  CNT-Ti  
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TEM of CNT-Ti 
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TEM of CNT-Ti 
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TEM of CNT-Ti  
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